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� Silica nanoparticles (nps) were fabri-
cated by modified stober-method
and were loaded on tea waste.

� Adsorption capacity of SiO2@TW
nanocomposites (ncs) was found
153 mg/g (Pb2þ) and 222.2 mg/g
(Cd2þ) greater than Tea Waste.

� SiO2@TW ncs showed good reus-
ability than tea waste adsorbent.
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This work reports the fabrication of SiO2@TW nanocomposites and their application for Pb2þ and Cd2þ

ions sequestration from simulated water. Residual tea waste has also been used for metal ions seques-
tration to compare the potential of SiO2@TW nanocomposites. The SEM, TEM, BET, FTIR and EDX tech-
niques were employed for the characterization of SiO2@TW nanocomposites and residual tea waste.
Particle sizes of SiO2@TW nanocomposites was in the range of 6.8e12 nm. The experiments were carried
out in batch mode to explore the effect of various operating parameters on the sequestration of Pb2þ and
Cd2þ ions from water. The experimental data was subjected to various thermodynamic, kinetic and
isothermic models. According to Langmuir model, the maximum adsorption efficiency of the SiO2@TW
nanocomposites was 153 mg/g for Pb2þ and 222 mg/g for Cd2þ but maximum adsorption efficiency of
residual tea waste for Pb2þ was 125 mg/g and for Cd2þ was 142.9 mg/g. This study suggested that due to
the presence of active sites SiO2@TW nanocomposites has greater potential for metal sequestration than
residual tea waste.

© 2020 Elsevier Ltd. All rights reserved.
l Sciences and Technology,
b, India
).
1. Introduction

Most of the heavy metals, such as chromium, lead, arsenic,
cadmium etc., are detrimental and non-biodegradable. These are
usually present in industrial wastewater and may contaminate
surrounding environment including water bodies. These metals get
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accumulated in natural surroundings and may intrude in the food
chain. Thus it is important to sequester these metals from different
environmental matrices. (Xiong et al., 2015). Lead is naturally
present in the earth crust. Various anthropogenic activities viz,
industrial operations, construction, ammunition, radiation and
shielding etc. release lead in the environment. The higher level of
inorganic lead results in lead poisoning which affects the repro-
ductive and neurological systems and may prove fatal for living
systems (Gautam et al., 2014; Zhu and Li. 2015). Cadmium does not
exist naturally as a pure metal though it is available in the form of
complex carbonates, oxides and sulphides (Gautam et al., 2014; Jain
et al., 2013). It enters into environmental systems from cadmium-
nickel batteries, mining, phosphatic fertilizers, sewage sludge,
anti-corrosive metal coatings, plastic stabilizers, alloys, pigments,
coal burning and neutron absorbers in nuclear reactors
(Chowdhury and Yanful, 2013). Cadmium poisoning may cause
psychological disorder, damage to immune system and nervous
system, vomiting, deformities in skeleton, kidney failure, renal
disorder etc. (Kataria and Garg, 2018b).

Presently numerous techniques are employed for the treatment
of heavy metals’ burdened wastewater. These methods include
physical, chemical, biological, physico-chemical and bio-chemical
treatments. Physico-chemical methods like coagulation, mem-
brane separation, ion exchange and adsorption are valuable and
effective in several ways. But there are some disadvantages too,
which include higher cost of treatment, sludge generation etc.
Some of these methods are not economically viable, if wastewater
contains large quantities of heavy metals (Otero et al., 2009).
Excessive amount of sludge production also cause pollution of soil,
natural water systems etc. All the developed and developing na-
tions are facing these challenges and are in search of new effective
and economic alternatives for the removal of various pollutants
from water.

The adsorption process is better, reliable and attractive alter-
native, especially if the adsorbent is cost effective (Bulgariu et al.,
2013; Liu et al., 2018). In recent years nanoadsorbents are found
to be promising and innovative alternative to traditional adsor-
bents due to their smaller size, higher surface area, higher regen-
eration efficiency, more reuse potential, higher thermal stability
and magnetic nature (Garg and Kataria, 2016; Ahlawat et al., 2019).
On the other side, traditional adsorbents derived from plants such
as tea waste, orange peel waste, walnut waste, rice husk, saw dust
etc are proved to be effective adsorbents for heavy metals’ removal
fromwastewater further when nanomaterials were loaded on them
their efficiency and adsorption properties are enhanced due to the
formation of nanocomposites (Kataria and Garg, 2019; Chauhan
et al., 2020).

Tea is one among the most used beverages which is extracted
from the leaves of tea plant, Camellia Sinesis, and belongs to family
Theaceai. A huge fraction of tea waste is generated from tea pro-
cessing factories and its disposal is a matter of concern. Waste tea
could be a better adsorbent due to its easy availability
(Amarasinghe andWilliams, 2007; Wen et al., 2017; Liu et al., 2018;
Pal and Maiti, 2019). Therefore, tea leaves waste may be used to
synthesize tea based nanocomposites.

In this work silica was loaded on tea waste, here silica is used to
enhance the adsorption capacity of tea leaves waste because of
abundant hydroxyl groups present on its surface. Also, tea waste is
used as a green reducing agent to switch the present work towards
green approach. The cell wall of tea leaves is made up of carbohy-
drates, cellulose and lignin having diverse chemical moieties such
as hydroxyl, phenolic, amine and carboxylic which interact with
Pb2þ and Cd2þ ions by various processes including ion exchange
and complex formation and can be used as bioadsorbent for metal
ions recovery fromwastewater (Weng et al., 2013). Since SiO2@TW
nanocomposites consist of amorphous silica nanoparticles which
are loaded on tea waste that is an organic matter, so obtained
materials was also an amorphous substances with abundant active
sites and enhanced surface area, which make them good adsor-
bents (Cai et al., 2015a, 2015b). Therefore, SiO2 loaded tea waste
could be a capable sorbent for the recovery of Pb2þ and Cd2þ metal
ions from wastewater. Keeping this in view, experiments were
conducted on the fabrication of SiO2 loaded tea waste nano-
composites and their application for lead and cadmium recovery
from water.

2. Experiments

2.1. Materials

AR grade Cadmiumnitrate tetrahydrate [Cd(NO3)2.4H2O], Liquor
ammonia, Lead nitrate [Pb(NO3)2] and Tetraethyl orthosilicate
[C8H20O4Si] have been used in this study.

2.2. Adsorbent fabrication process

2.2.1. Preparation of tea waste (TW)
Waste tea leaves were obtained from a factory and then cleaned

and rinsed several times with Millipore water to pull out the dis-
solved impurities. After drying at 80 �C for 12 h, waste tea leaves
were powdered and sieved using 1.40 mm mesh size sieve. The
powdered waste tea leaves were kept in muffle furnace at 100 �C
for 60 min. The prepared waste tea adsorbent was stored in airtight
polybags and kept in desiccators for further use.

2.2.2. Fabrication of silica (SiO2) nanoparticles
The nanoparticles of silica were fabricated by modified stober-

method as earlier reported (Saini et al., 2018a, 2018b). In this pro-
cedure, absolute ethanol-water mixture 2:1(v/v) wasmixed in ultra
sonication bath for 15 min. After that 10 mL of liquor ammonia was
added dropwise in this solution. To this reaction mixture 5 mL
solution of tetraethoxysilane was added then it was sonicated for
1 h. The white colour gel so obtained was centrifuged, washed with
millipore water and kept in hot air oven at 70 �C for 5 h to get silica
nanoparticles. This silica nanoparticles powder was stored in
plastic bottles for further use.

2.3. Synthesis of SiO2@TW nanocomposites

To millipore water, 1.5 g of waste tea leaves was added with
uninterrupted stirring for 10min. Thereafter, 3.0 g of prepared silica
nanopowder was dispersed into waste tea leaves solution and
stirred for 30 min at room temperature (25 ± 1�C). This suspension
was kept in sonicator for 1 h. The turbid substance so produced was
centrifuged, washed and dried for 3 h at 80 �C in hot air oven. The
resultant ash like product so produced was SiO2@TW nano-
composites. Schematic diagram of synthesis of adsorbent is given in
Fig. 1. Equation (1) represents the synthesis of silica nanoparticles
and equation (2) represents the loading of silica nanoparticles on
residual tea waste.

SiðOC2H5Þ4 þ2 H2O/SiO2 þ C2H5OH (1)

SiO2 þTW/TW� SiO2 (2)

2.4. Characterization of adsorbents

The crystallinity of manufactured SiO2@TW nanocomposites



Fig. 1. Silica loaded tea waste nanocomposites synthesis by modified Stober method.
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and residual tea adsorbent was examined by XRD technique using
Rigaku miniflex II Diffractometer. Chemical functional groups were
identified using SHIMADIZU IR AFFINITY-1 FTIR spectrophotom-
eter. Energy-dispersive X-ray spectroscopy was employed for
elemental arrangement and morphology of the adsorbents using
Scanning electron microscope (SEM). Transmission electron mi-
croscopy (TEM) was used to explore the size of SiO2@TW nano-
composites employing FEI Tecnai G2 20 TWIN TEM (200 KV). The
details of instruments used for characterization has already been
reported by Joshi et al. (2019). BET analyzer (Quantachrome In-
struments Nova, 2000e; USA) was employed to determine the
surface area of synthesized adsorbents along with pore volume.
Concentrations of Pb2þ and Cd2þ ions in solution were quantified
by Flame Atomic Absorption Spectrophotometer (AAS) (GBC-Sen-
sAA, Australia).
2.5. Metal ions adsorption experiments

To evaluate the efficiency of SiO2@TW nanocomposites and
Residual tea waste adsorbent for removing the Pb2þ and Cd2þ ions
from aqueous system, experiments were conducted in batch mode
under different process conditions. Lead nitrate and cadmium ni-
trate tetrahydrate were used for the preparation of stock solutions
of Pb2þ (1000 mg/L) and Cd2þ (1000 mg/L), in millipore water and
working solutions were prepared. Known volumes of working so-
lutions were agitated at 200 rpm after adding the adsorbent for
predetermined time period. After achieving equilibrium, solution
mixtures were centrifuged and residual Pb2þ and Cd2þ concentra-
tions in supernatant were quantified using Atomic Absorption
Spectrophotometer (GBC sensAA). The removal of metal ions and
metal uptake capacity were determined following the equations
given below.

Metal ion removal ð%Þ¼ ðCo � CeÞ
Co

� 100 (3)
Adsorption capacity at equilibriumðqeÞ¼ ðCo � CeÞ V
m

(4)

Where, Co (mg/L), and Ce (mg/L) are the initial and final metal ions
concentration, m(g) denotes the adsorbent mass, V (L) denotes the
volume of metal ions and qe (mg/g) denotes the uptake capacity of
adsorbents at equilibrium.

2.6. Reuse potential

Reusability is important to evaluate the efficiency of adsorbents
as eco-friendly and sustainable approach. In this study, the regen-
eration and desorption of adsorbent was performed using HCl
(0.1 M) as the desorbing agent in Erlenmeyer flasks by shaking it for
2 h at room temperature. The metal ions loaded SiO2@TW and
waste tea adsorbent were separated from metal ion solutions by
centrifugation. Each adsorbent was treated using 50 mL solution of
HCl (0.1 M), and then it was washed several times using millipore
water and put in hot air oven at 100 �C for drying for 1 h. The reuse
efficiency of SiO2@TW nanocomposites and Tea waste adsorbent
were determined for five cycles.

3. Results and discussion

3.1. Characterization of SiO2@TW nanocomposites

The XRD analysis confirmed that the Silica nanoparticles, syn-
thesized by modified stober method, are amorphous in nature. In
the XRD spectrum of teawaste, two distinct peaks were observed at
24.24� and 29.62� and few short peaks were observed at 43.08� and
33.46� which indicated the presence of impurities with the organic
tea waste. Since tea waste is a organic material, hence XRD pattern
mostly shows the amorphous nature in the form of noise [Fig. 2a].
In XRD of Silica, broad hump between 20� and 30� suggested the
amorphous nature of silica (Joshi et al., 2018) but when this silica is
entrapped into tea waste surface (SiO2@TW) then low intensity
peaks were observed between 26.74� and 35.98� along with peak of



Fig. 2. (a) XRD spectra of tea waste, SiO2 and prepared SiO2@TW (b) FTIR spectra of Tea waste, SiO2@TW, SiO2@TW loaded with Cd2þ and Pb 2þ (c) FESEM images of SiO2 @TW, (d)
FESEM images of Tea waste, (e) FESEM images of Pb2þ loaded SiO2@TW and (f) FESEM images of Cd2þ loaded SiO2@TW.
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silica [Fig. 2a]. Similar findings have been reported by Cai et al.,
2015a, 2015b.

The morphological features of tea waste (TW) and SiO2@TW
nanocomposites, before and after adsorption, were characterized
using SEM and TEM. In Fig. 2d, SEM image of tea waste shows that
this material has uneven, irregular and rougher surface but some-
what fibrous because tea leave wastes are basically cellulose and
having tannin and lignin organic components. Similarly, SEM mi-
crographs of SiO2@TW, before and after Pb2þ and Cd2þ adsorption,
as shown in Fig. 2e and f. It is evident from Fig. 2c that SiO2
appearance is like blossoms which are arranged in well organized
pattern and distributed on the tea waste (TW) surface. Morphology
of SiO2 nanoparticles was slightly changed after incorporation of
tea waste which is visible in SEM images. This indicates that
SiO2@TW had been synthesized successfully. Morphology of
SiO2@TWwas also assessed after loading of Pb2þ and Cd2þ, it shows
the entrapping of Cd2þ ions by bright coloured sugar cube like
structures on the surface of nanocomposites. Similarly, Fig. 2e
shows the grain like structures on the surface of SiO2@TW nano-
composites due to the adsorption of Pb2þ ions and suggesting
thereby the adsorption of metal ions onto SiO2@TW
nanocomposites.

To investigate elemental composition of SiO2@TW, before and
after Pb2þ and Cd2þ ions adsorption onto SiO2@TW, EDX analysis
was performed. In SiO2@TW nanocomposites and Pb2þ and Cd2þ

ions loaded SiO2@TW nanocomposites, the weight percentage of
detected elements are shown in Fig. 3aed. The EDX spectra of Pb2þ

and Cd2þ ions adsorption indicate that SiO2@TW nanocomposites
had the distinct peaks associated with Pb2þ and Cd2þ ions, thus
identified the possible metal ions adsorption occurrence onto
SiO2@TW surface.

The particle size of SiO2@TW nanocomposites was determined
by TEM micrograph and the size of desired adsorbent was in the
range of 6.8 nme12 nm [Fig. 3e and f]. The selected area electron
diffraction pattern (SAED) revealed the amorphous nature of the
prepared material. This may be due to silica oxide and tea waste
which is composed of organicmatter and it was confirmed from the
bright ball like TEM image that SiO2@TW nanocomposites are
amorphous in nature.

FTIR spectroscopy was employed to analyze the surface



Fig. 3. (a) EDX spectra of SiO2@TW, (b) Tea waste, (ced) SiO2@TW loaded Pb2þ and Cd2þrespectively and (e) HRTEM Image of SiO2@TW and (f) Selected area electron diffraction
(SAED) pattern of SiO2@TW
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functional groups on the prepared nanoadsorbent. FTIR spectra of
Tea waste (TW), SiO2@TW, Pb2þ loaded and Cd2þ loaded SiO2@TW
are shown in Fig. 2b. In FTIR spectra of tea waste, small peak at
1709 cm�1 is attributed to C¼O stretching of aldehyde group, some
additional small peaks were also observed between 400 and
800 cm�1 that are due to the presence of impurities (Pirbazari et al.,
2015). In IR spectra of SiO2@TW, a peak between 491 and 493 cm�1

is associated with SieOe Si bending mode of vibration. The IR band
between 781-783 cm�1 may be assigned to symmetric stretching of
SieOe Si bonds. The adsorption peak observed at 1632 cm�1 is due
toeOH binding vibration of H2O molecules. The adsorption peak at
1212 cm�1 is due to CeN stretching. A strong peak at 1080 cm�1

relates the asymmetric stretching of SieOeSi bond. Further, IR
bands at 3200-3479 cm�1 are attributed to bending vibrations and
stretching vibrations of OeH and SieOeH bonds in surface water
molecules. After adsorption of both the metal ions onto SiO2@TW
surface, some significant spectral changes were observed due to
retention of metal ions. Some other peak was observed at 792 cm�1

in the FTIR spectra of Cd2þ ions loaded SiO2@TW. In the Pb2þ loaded
spectra peaks were observed at 812 cm�1 and 560 cm�1. The IR
band at 1530 cm�1 is due to secondary amine groups and at
2358 cm�1 is associated to amine eNH group (Fan et al., 2017;
Pirbazari et al., 2015).

BET specific surface area of tea waste was 0.73 m2/g and BJH
total pore volume and diameter were near 0.002 cm3/g and
9.74 nm, respectively. The surface area of synthesized SiO2@TW
nanocomposites was 9.86 m2/g and that is higher than the raw tea
waste. BJH pore volume was 0.024 cm3/g and pore diameter was
9.61 nm, for SiO2@TW. These results indicated that the pore size
and surface area of SiO2@TW nanocomposites were enhanced after
the coating of SiO2 nanoparticles as compare to raw tea waste.
Similar observation has been reported by other authors (Fan et al.,
2017) i.e., the specific surface area of raw tea waste was 0.913 m2/g
and its pore volume and average pore diameter were 0.007 cm3/g
and 2.6 nm, respectively. After loading of SiO2 nanoparticles onto
residual tea, pore volume and surface area of SiO2@TW nano-
composites were enhanced.
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3.2. Batch mode adsorption studies

3.2.1. 1. Effects of pH on metal ions sequestration
Adsorption studies were performed to investigate the pH effect

on both the metal ions P removal by SiO2@TW nanocomposites and
Tea waste adsorbent in the pH range, 2 to 8, by keeping other pa-
rameters constant. It was observed that removal of Pb2þ and Cd2þ

ions increased as pH was increased 2 to 8 [Fig. 4a and b]. With
residual tea waste adsorbent, removal of Pb2þ and Cd2þ ions was
9.88% and 17.8% at pH 2 and at pH 8 removal was 70.2% for Pb2þ ions
and 77.38% for Cd2þ ions. Whereas SiO2@TW nanocomposites were
capable to remove Pb2þ and Cd2þ ions by 20% and 21.96% at pH 2
Fig. 4. (a) Effect of pH on Cd2þ removal, (b) Effect of pH on Pb 2þ removal, (c) Effect of adso
temperature on Cd2þ removal and (f) Effect of temperature on Pb2þ removal (g) Effect of c
and at pH 8 removal was 89.82% of Pb2þ ions and 95.38% of Cd2þ

ions. It is evident from the results that removal of metal ions
increased with increased in pH from 2 to 8. The adsorption capacity
of SiO2@TW at pH 2 was 16.6 mg/g for Pb2þ ions and it became
74.4 mg/g at pH 6. Same trend was observed for Cd2þ removal by
SiO2@TW. The adsorption capacity of SiO2@TW for Cd2þ was
18.3 mg/g at pH 2 and it became 79.48 mg/g at pH 8. Lesser
adsorption at lower pH may be associated to the competition for
adsorption sites among Hþ ions andmetal ions. Sometimes, protons
present on functional groups of adsorbents results in repulsion of
metal ions in acidic conditions. In alkaline conditions, due to
enhancement of negative charge in metal ion solutions there may
rbent dose on Cd2þ removal, (d) Effect of adsorbent dose on Pb2þ removal, (e) Effect of
oncentration on Cd2þ removal (h) Effect of concentration on Pb2þ removal.
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be electrostatic attraction among the anionic adsorbent surface and
cationic metal ions, thus at higher pH, deprotonation of different
functional groups such as phenols, carboxylic and alcohols take
place. Beyond pH 6 (for Pb2þ) and pH 8 (for Cd2þ), metal ions are
hydrolyzed to hydroxide forms and they get precipitated
(Mohammed, 2012; Kataria and Garg, 2018a). Hence it can be
concluded that adsorption of metal ions was influenced by pH due
to the competition for adsorption sites among metal ions and Hþ

ions present in the solution (Iqbal et al., 2009). For further exper-
iments the pH was optimized at pH 6 and pH 7 for the removal of
Pb2þ and Cd2þ ions, respectively.

3.2.2. Effects of adsorbent quantity on metal ions sequestration
Fig. 4c and d represent the removal of Pb2þ and Cd2þ ions with

respect to dose of SiO2@TW and Tea waste adsorbent in the range
0.01e0.04 g/50 mL of solution at pH 6 for Pb2þ ions and at pH 7 for
Cd2þ ions . It is evident from the results that the removal of both the
metal ions (Pb2þ and Cd2þ ions) by both the adsorbents increased
with adsorbent dose. In case of teawaste adsorbent removal of Pb2þ

ions increased from 39.8 to 72% and for Cd2þ ions it increased from
47.94 to 72.14%. Similar trend was observed with SiO2@TW nano-
composites, removal of Pb2þ ions increased from 59.94 to 89.76%
and for Cd2þ ions it increased from 67.72% to 96.34%. This increase
in metal ions removal with adsorbent dose may be associated to
enhanced availability of surface area and adsorption sites on the
adsorbents (Thakur and Parmar, 2013). The result shows that
metals removal efficiency of SiO2@TW adsorbent was higher as
compared to tea waste adsorbent. This may be due to the presence
of additional functional groups and binding sites on the surface of
SiO2@TW nanocomposites.

3.2.3. Effect of temperature variation on metal ions removal
Temperature is an important parameter for the adsorption

process because with increased temperature, mobility of ions in-
crease and it also increase active sites onto adsorbent due to
breaking of chemical bonds at elevated temperatures. Fig. 4e-f
depict the adsorption of Pb2þ and Cd2þ metal ions onto SiO2@TW
nanocomposites and Tea waste adsorbent in the temperature range
of 30 e50 �C. It was inferred that the removal of the Pb2þ and Cd2þ

ions increased from 68.2% to 77.2% and 73% to 86%, respectively,
when Tea waste adsorbent was used. Similarly when SiO2@TW
nanocomposites used as adsorbent then the removal of Pb2þ and
Cd2þ ions increased from 89.8 to 95.7% and 95.2e99.7%, respec-
tively. This is because at elevated temperature, the contact between
metal ions with the adsorbents surface active sites is enhanced.
Therefore, it leads to rise in transportation and diffusion of metal
ions in solution because increased temperature acts as catalyst for
adsorption process (Malkoc and Nuhoglu, 2007).

3.2.4. Effect of metal ions concentration on their removal
The Pb2þ and Cd2þ metal ions adsorption onto SiO2@TW nano-

composites and Tea waste adsorbent were evaluated at different
metal ions concentration (10, 30, 50, 75 and 100 mg/L) by keeping
the remaining parameters unchanged (i.e. pH 6 for Pb2þ ions and pH
7 for Cd2þ ions, adsorbent dose of 0.03g, contact time 10e60 min,
temperature 27 �C and stirring speed 200 rpm). The results showed
that when tea waste adsorbent used there was a considerable
decrease inpercentage removal of Pb2þ ions (from87 to 59.07%) and
Cd2þ ions (from 88.7 to 69.7%) with increase in metal ions concen-
trations. Similarly, when SiO2@TW nanocomposites used as adsor-
bent the removal of Pb2þ and Cd2þ ions decreases from 94.70 to
75.64% and 94.10 to 86.93% with increase in metal ions concentra-
tions [Fig. 4(g-h)]. The possible reason for this may be due to non-
availability of active sites for metal ions adsorption at higher con-
centrations (Gupta and Ali, 2000; Thakur and Parmar, 2013).
3.2.5. Effects of contact time on the removal of metals
The Pb2þ and Cd2þ ions removal by SiO2@TW nanocomposites

and tea waste adsorbent were evaluated at different contact times
(10e60 min) by keeping the remaining parameters constant. The
results revealed that initially there was a sharp rise in metal ions
removal with time for both the adsorbents and then attains equi-
librium. At 50 mg/L concentration, the maximum removal of Pb2þ

and Cd2þ metal ions was 69.6% and 71% by teawaste adsorbent and
then attained equilibrium (Fig. 5a-b). On the other hand, SiO2@TW
nanocomposites maximum removal of Pb2þ and Cd2þ metal ions
was 89.22% and 94.28% and then attained equilibrium with time
( Fig. 5c-d). This may be associated to the presence of numerous free
active sites on the adsorbent surface initially than with time, the
adsorption process slowed and attained equilibrium due to
saturation of active sites on the adsorbent (Ahlawat et al., 2019).

3.3. Adsorption kinetic modeling

The Pseudo-first order (Langergren and Svenska, 1898) and
pseudo-second order (Mckay and Ho,1999) models were applied to
determine the rate of adsorption of Pb2þ and Cd2þ ions onto
SiO2@TW nanocomposites and Tea waste adsorbent. The linear
forms of both the models are presented in the following equations.

logðqe � qtÞ¼ logqe �
�

k1
2:303

�
t (5)

t
.
qt ¼ 1

.
k2 q2e þ t

.
qe (6)

Where, qe denotes the adsorption capacity (mg/g) of metal ions at
equilibrium time, qt denotes the metal ion uptake capacity (mg/g)
at time t whereas, k1 (min�1) and k2 g.(mg.min)�1 denotes the
pseudo-first and pseudo-second order kinetic rate constants,
respectively.

The plot of pseudo-first order was drawn between log (qe e qt)
vs t and the values of kinetic parameters i.e., qe, R2 and k1 were
calculated. Similarly for pseudo-second order, the values of qe, k2
and R2 were calculated from the plot between t/qt vs t. The calcu-
lated values are given in Table 1. For SiO2@TW nanocomposites, the
values of regression coefficients (R2) in Pseudo-second order is
varied from 0.974 to 0.996 for Pb2þ and 0.965 to 0.998 for Cd2þ ion
which is greater than Pseudo-first order regression coefficient (R2).
The qe (calculated) values of pseudo-second order model are also
near to the qe (experimental) values for both the metal ions.
Therefore, pseudo-second order model is found to be best fitted
and main adsorption rate controlling factor for metal ion uptake by
SiO2@TW nanocomposites. While in case of tea waste, opposite
trend was noticed in the adsorption of both the metal ions. Here
Pseudo-first order regression coefficient is greater than that of
Pseudo-second order regression coefficient suggesting the good
agreement of Pseudo-first order rate model (El Azazy et al., 2019;
He et al., 2016) Table 1.

The kinetic data of adsorption by tea waste revealed that
Pseudo-first order is best fitted, which indicated the involvement of
physical adsorption. From the SEM images, it was confirmed that
the morphology of adsorbent surface is porous; due to this metal
ions are adsorbed on the surface as well as in the pores of the
adsorbent. This indicates the physical adsorption of metal ions onto
tea waste.

3.4. Isotherm modelling

The Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich
isotherm models were employed to explore the adsorption



Fig. 5. (a) Effect of contact time on Cd2þ removal onto tea waste, (b) Effect of contact time on Pb2þ removal onto tea waste (c) Effect of contact time on Cd2þ removal onto SiO2@TW,
(d) Effect of contact time on Pb2þ removal onto SiO2@TW.

Table 1
Kinetic models parameters for Pb2þ and Cd2þadsorption onto Tea Waste adsorbent and SiO2@TW nanocomposites.

Adsorbents Tea Waste adsorbent SiO2@TW nanocomposites

Metal Conc. (mg/L) qe (exp.) Pseudo-first order Pseudo-second order qe (exp) Pseudo-first order Pseudo-second order

k1 (min�1) qe (cal) R2 k2 (gmg-1 min-1) qe (cal) R2 k1 (min�1) qe (cal) R2 k2 (gmg -1 min-1) qe (cal) R2

Pb2þ 10 14.5 0.050 17.2 0.931 0.0007 28.2 0.846 15.8 0.046 16.4 0.987 0.0017 22.2 0.989
30 39.7 0.068 81.8 0.943 0.0001 91.7 0.842 45.3 0.070 39.0 0.781 0.0013 56.5 0.974
50 58 0.077 111.2 0.934 0.0003 97.1 0.898 74.4 0.065 42.5 0.967 0.0019 82.6 0.996
75 80.7 0.084 202.6 0.945 0.0001 166.7 0.802 103.3 0.087 258.2 0.960 0.0002 172.4 0.985
100 98.5 0.085 143.8 0.979 0.0004 133.3 0.979 126.1 0.083 274.7 0.876 0.0002 172.4 0.981

Cd2þ 10 14.8 0.584 24.5 0.946 0.0001 51.3 0.644 15.7 0.540 9.94 0.816 0.0048 18.8 0.992
30 39.9 0.067 72.9 0.945 0.0003 71.4 0.928 46.7 0.058 32.04 0.983 0.0021 53.2 0.998
50 59.8 0.072 91.0 0.952 0.0006 81.3 0.969 78.6 0.069 47.20 0.950 0.0017 87.7 0.998
75 80.4 0.080 145.7 0.962 0.0003 117.6 0.945 112.8 0.081 249.29 0.865 0.0002 156.2 0.965
100 116.3 0.084 237.8 0.931 0.0003 161.3 0.984 144.9 0.083 237.30 0.918 0.0004 175.4 0.987

Table 2
Adsorption isotherms parameters for Pb2þand Cd2þ adsorption on Tea Waste and
SiO2@Tea Waste.

Isotherms model Parameters Tea Waste SiO2@Tea Waste

Pb2þ Cd2þ Pb2þ Cd2þ

Langmuir qmax (mg/g) 125.0 142.9 153.8 222.2
b (L/mg) 0.076 0.069 0.173 0.144
R2 0.965 0.820 0.993 0.963

Freundlich n 1.823 1.714 1.81 1.40
Kf (mg/g) 13.29 13.62 24.62 27.31
R2 0.995 0.983 0.979 0.949

Temkin B 106.33 95.41 85.164 59.138
KT (L/mg) 1.136 1.117 2.518 2.088
R2 0.950 0.840 0.970 0.975

Dubinin- Radushkevich Qs (mg/g) 68.09 71.46 86.46 103.23
KD (mol2/kJ2) 0.0008 0.0006 0.0002 0.0003
E (kJ/mol) 25.0 28.9 50 40.8
R2 0.834 0.791 0.839 0.883
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behaviour or interaction between metal ions with surface of ad-
sorbents. The Langmuir equation is given below (Langmuir, 1916,
1918):

Ce
qe

¼ 1
qmaxb

þ Ce
qmax

(7)

Where, qmax denotes the maximum adsorption capacity (mg/g) of
metal ions, b denotes the Langmuir constant (L/mg). The values of
adsorption model parameters were obtained from the linear plot of
Ce/qe versus Ce. The values of Langmuir parameter (qmax), constant
(b) and correlation coefficient (R2) for both the metals onto Tea
waste adsorbent and SiO2@TW nanocomposites are given in
Table 2.

The linear form of Freundlich isotherm model is given below:

logqe ¼ logKf þ
1
n
logCe (8)
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Where n denotes the heterogeneity factor and Kf denotes the
Freundlich constant. The linear plot between log qe vs log Ce was
employed to determine the values of parameters. The value of n
should be 1 < n < 10 for favorable adsorption.

The linear form of Temkin isotherm model is expressed in
equation (9) (Temkin and Pyzhe, 1940):

qe ¼ BlnKT þ BlnCe (9)

where B ¼ RT/b, and b denotes the Temkin constant explaining
the heat of adsorption, R denotes the universal gas constant, T
denotes the temperature and KT (L/g) is equilibrium binding
constant. The Temkin parameter values were evaluated by
plotting graph among qe vs ln Ce. The values of R2and other
parameters for both the metals are given in Table 2.

Dubinin-Radushkevich isotherms (DR) model (Dubinin and
Radushkevich, 1947) is given in equation (10):

lnqe ¼ lnQs� KDε
2 (10)

ε¼RT Inð1þ1 =CeÞ (11)

Where, Qs denotes the maximum adsorption capacity (mg/g), ε is
Polanyi potential, KD (mol2/kJ2) is the activity coefficient (mean
adsorption energy). The values of KD and Qs were calculated from
the slope and intercept determined by plotting graph among ln qe
versus ε. The mean adsorption energy E (kJ/mol) was determined
from the equation given below.

E¼1
. ffiffiffiffiffiffiffiffiffi

2KD
p

(12)

The D-R model was implemented to the experimental data of
both the metals onto Tea waste adsorbent and SiO2@TW nano-
composites to evaluate the characteristics of adsorbents and mean
free energy. The correlation coefficient and parameters related to
D-R model are provided in Table 2.

After evaluating the adsorption isotherm models, it was found
that the Langmuir isothermmodel is best fitted to the experimental
data for the adsorption of Pb2þ and Cd2þ ions onto SiO2@TW
nanocomposites. Whereas in case of tea waste adsorbent, Freund-
lich isotherm model was found to be best fitted than remaining
isothermal models studied in the present work. The obtained value
of RL was found to lie between 0 and 1 (0< RL < 1) indicated Pb2þ

and Cd2þ adsorption onto SiO2@TW nanocomposites is favorable.
For both the metal ions, obtained value of nwas more than 1 which
signifies the multilayer adsorption on the heterogeneously
distributed active sites of both the adsorbents. A comparison of
maximum adsorption capacity of earlier reported adsorbent with
SiO2@TW and tea waste adsorbent is given in Table 3. It illustrated
that SiO2@TW nanocomposites have adsorption capacity more
than the tea waste and other reported adsorbents. Therefore, it was
concluded that SiO2@TW nanocomposites could be a good adsor-
bent for the removal of metal ions from aqueous system.

3.5. Thermodynamic studies

The information regarding Gibb’s free energy (DG0), change in
entropy (DS0) and enthalpy (DH0) for the Pb2þ and Cd2þ adsorption
onto SiO2@TW nanocomposites and tea waste was determined by
performing experiments at various temperatures in the range of
30e50 �C by keeping all the parameters constant. Following
equations were used to calculate the different thermodynamic
parameters (Smith and Ness, 1987):

DG0 ¼ � RTlnKd (13)

Kd¼
Ca
Ce

(14)

lnKd ¼ � DH0

RT
þ DS0

R
(15)

Where, R is gas constant (8.314 J mol�1K�1), Kd is equilibrium
constant, temperature (K) is denoted by Tand Ca (mg/L) denotes the
quantity of metal ions on the surface of adsorbent at equilibrium.
The values of slope and intercept were obtained after drawing
linear plots between ln Kd Vs 1/T, which is used for calculating DH⁰
and DS⁰. The thermodynamic parameters are presented in Table 4.
The positive values of DS⁰ for both the metal ions during adsorption
onto Tea waste and SiO2@TW nanocomposites verified the increase
in degree of randomness at the solid-solution interface. In addition,
the positive values of DH⁰ for Pb2þ and Cd2þ ions by both the
adsorbent showed that the process of adsorption is endothermic in
nature and the ions were absorbed on the surface of adsorbent. For
both the adsorbents, negative DG⁰ values for Pb2þ and Cd2þ at
higher temperatures verified the feasibility as well as spontaneity
of adsorption process and suggests the physical adsorption of both
the metal ions by both the adsorbents (Malkoc and Nuhoglu, 2007).

3.6. Reuse potential of the nanocomposite for metal removal

The regenerated SiO2@TW and Tea waste adsorbent were used
for adsorption of both the metal ions up to five reuse cycles. In the
first round of SiO2@TW nanocomposites, the removal for Pb2þ and
Cd2þ ions was 67.3% and 77.9% respectively that was greater than
the Tea waste adsorbent. But in next round, the removal efficiency
for both the metal ions was significantly decreased and at the end
of fifth round it was only 55% for Pb2þ and 51.8% for Cd2þ ions
(Fig. 6). This study suggests that both the adsorbent have potential
to remove the metal ions from aqueous solutions during reuse but
it decreases with each use.

3.7. Adsorption mechanism

Four different reaction mechanisms viz., surface charge, for-
mation of covalent bonds, cation- p interaction and ion exchange
played important role in the adsorption of metal ions. Adsorption
process may be chemical or physical depending on the chemistry of
adsorbent and adsorbate. The variation in pH of the solution alters
the solvation process of hydrogen (Hþ), hydronium (H3Oþ) and
hydroxyl (OH�) ions in aqueous system which affects the surface
charge of the adsorbent and chemical nature of metal ions. 3.1 FTIR
spectra confirmed that the surface of SiO2@TW nanocomposites
contained oxy (SiO�) and carboxyl (COOeHþ) groups that involved
in the adsorption of Pb2þ and Cd2þ ions. Both metals ions are
divalent in nature and contain positive charge. These metal ions
adsorbed on the surface of SiO2@TW nanocomposites by electro-
static interaction between divalent metal ions and oxygen con-
taining groups such as SieOe,OHe COO�. The broad band from
3500 to 3300 cm�1 and sharp absorption peak at 1080 cm�1

observed after Pb2þ adsorption in FTIR spectra indicated that Pb2þ

could be adsorbed on adsorbent surface as Pb(OH)2 and PbeS¼O,
respectively. FTIR spectra results also indicated that SieO and OeH
groups of SiO2@TW bound with the Pb2þ as well as Cd2þ ions by
electrostatic interactions and also the available functional groups in
adsorbent can bind via cation-p interactions. The absorption peak



Table 3
Comparison of the adsorption capacity of synthesized adsorbent for Pb2þ and Cd2þ removal with other reported adsorbents.

Adsorbents Metals Qmax (mg/g) pH Fit isotherm References

Tea waste Pb2þ 65 5.5 Freundlich Amarasinghe and Williams (2007)
magnetic chrysotile nanotubes Pb2þ 27.64 5 Langmuir Yu et al. (2015)
SiO2@OPW Pb2þ 200 6 Langmuir Saini et al., (2018a)
multi-metal binding biosorbent Pb2þ2þ 76.25 5.5 sips Abdolali et al. (2016)
Mango peel waste Pb2þ 99.05 5 Langmuir Iqbal et al., 2009
Tea waste Pb2þ 33.49 5 Langmuir Wan et al. (2014)
Akali treated Tea waste Pb2þ 64.1 4.5 Langmuir Yang and Cui (2013)
Zno nanoparticles Pb2þ 115 6 Freundlich Kataria and Garg, (2018b)
Magnetic Chrysotile Nano Tube Pb2þ 23.82 5.5 Langmuir Yu et al. (2015)
SiO2@TW Pb2þ 153.8 6 Langmuir This work
multi-metal binding biosorbent Cd2þ 31.73 5.5 sips Abdolali et al. (2016)
EDTA@Fe3O4/SC nanocomposites Cd2þ 63 6.5 Langmuir Kataria and Garg, (2018a)
Mixed maghemite-magnetite nanoparticles Cd2þ 2.7 9.5 Langmuir Chowdhury and Yanful (2013).
Zno nanoparticles Cd2þ 71.5 6 Freundlich Kataria and Garg, (2018b)
Mango peel waste Cd2þ 68.92 5 Langmuir Iqbal et al. (2009)
Tea waste Cd2þ 16.87 5 Langmuir Wan et al. (2014)
SiO2@TW Cd2þ 222.2 7 Langmuir This work

Table 4
Thermodynamic parameter description for Pb2þ and Cd2þ adsorption on Tea Waste and SiO2@Tea Waste.

Temp.
(K)

Tea Waste adsorbent SiO2@TW nanocomposites

Pb2þ Cd2þ Pb2þ Cd2þ

DG⁰ (k J
mol�1)

DS⁰ (J
mol�1K�1)

DH⁰ (k J
mol�1)

DG⁰ (k J
mol�1)

DS⁰ (J
mol�1K�1)

DH⁰ (k J
mol�1)

DG⁰ (k J
mol�1)

DS⁰ (J
mol�1K�1)

DH⁰ (k J
mol�1)

DG⁰ (k J
mol�1)

DS⁰ (J
mol�1K�1)

DH⁰ (k J
mol�1)

303 �1.92 211.19 63.74 �2.50 202.86 60.17 �5.47 219.75 61.91 �3.69 380.20 107.97
313 �2.98 �3.40 �7.17 �7.07
323 �3.27 �4.87 �8.36 �8.36

Fig. 6. Reusability potential of SiO2@TW and Tea Waste adsorbent for Cd2þand Pb2þ.
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at 2380 cm�1 indicated that the amine group of tea waste adsor-
bent may be involved in the binding of Pb2þ and Cd2þ metal ions.
The results of pH study also indicated that divalent metals ions
electrostatically attract towards the surface of SiO2@TW nano-
composite. The surface of adsorbents (SiO2@TW and Tea Waste)
contained hydrogen ion (Hþ) at pH 6 that indicates ions exchange
process may also be involved in adsorption of divalent ions onto
adsorbent (Abdolali et al., 2016). Fig. 7 shows the possible
adsorption mechanism for metal ions removal by SiO2@TW.



Fig. 7. Possible adsorption mechanism for metal ions removal onto SiO2@TW nanocomposites
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4. Conclusion

Based on the results it can be concluded that SiO2@TW adsor-
bent is an efficient adsorbent for the removal of Pb2þ and Cd2þ

metal ions from aqueous solutions. It has promising adsorption
capacity under optimized process conditions. Tea waste has also
been used as adsorbent for metal ions recovery from aqueous so-
lution. This study revealed that tea waste exhibited promising
Langmuir adsorption capacity for Pb2þ (125 mg/g) and Cd2þ

(142.9 mg/g) metal ions but SiO2@TW adsorbent is more efficient
for the removal of metals from aqueous solution. The adsorption
capacity of SiO2@TWadsorbent for Pb2þ was 153mg/g and for Cd2þ

was 222.2 mg/g.
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