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INTRODUCTION

Environmental contamination is one of the most serious
issues confronting the modern society today. Textile dyeing
accounts for a significant portion of the industry and contami-
nates a substantial volume of water with dyes at various stages
of the dyeing and finishing processes. Other industries that
use dyes in a variety of processes include pulp mills, cosmetics,
paper, printing, food, leather, etc. [1]. According to reports,
various firms throughout the world create 7.0 × 105 tonnes of
10,000 distinct types of dyes on a yearly basis. During the
dyeing process, around 1-15% of these colours are lost as
effluents [2]. Dyes are synthetic colourants of organic origin
that are responsible for both surface and groundwater pollution
[3], as well as carcinogenic and mutagenic consequences [4].
Some synthetic colours are resistant to natural biodegradation
and can be extremely hazardous to aquatic life. By obstructing
sunlight, they can limit the photosynthetic activity of water
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plants. This situation may impair water re-oxygenation, affec-
ting the proper growth of aquatic species [5].

Azo dyes generally account for over 70% of all synthetic
dyes consumed by the dyeing industry globally. One or more
azo groups (-N=N-) operate as chromophores in the molecular
structure of a reactive azo dye [6]. Furthermore, molecules
containing the azo group constitute the majority of synthetic
dyes and are difficult to breakdown even at low concentrations
due to their resistance to light, heat, chemicals and microbial
attacks [7]. As a result, the removal of such synthetic dyes has
become critical prior to the release of waste industrial effluents
into the environment’s water. Many attempts have been under-
taken to remove dyes from wastewaters utilizing commonly
used processes such as photocatalytic degradation [8,9], photo-
Fenton reaction [10], biodegradation, coagulation, solvent
extraction, precipitation, membrane filtering and advanced
oxidation processes [11,12]. Because of their larger surface
area and better adsorption capacity, nanoparticles have been

https://orcid.org/0000-0003-4473-7197
https://orcid.org/0000-0002-4941-4525
https://orcid.org/0000-0001-5464-8353
https://orcid.org/0000-0003-2810-1594


regarded as the most efficient adsorbents [13]. Iron based nano-
particles (Fe NPs) have been employed in groundwater treat-
ment and site remediation in recent years because they are
efficient and have a bigger surface area [14]. Although Fe NPs
can be easily synthesized by chemical and physical methods,
the use of toxic chemical substances such as sodium borohy-
dride, organic solvents, stabilizing, high energy consumption
and dispersion agents are disadvantages of these procedures,
which were not used in this study [15]. Synthesis of iron nano-
particles from waste tea extract is a greener method that has
gained popularity due to its cost effectiveness and environmen-
tally benign approach [16].

Conventional methods used to remove dyes from waste-
water are photocatalytic degradation [17-19], biological treat-
ment [20], chemical coagulation [21], cation exchange membranes
[22], electrochemical degradation [23], chemical-biological
degradation [24], photo-Fenton reaction [25] and advanced
oxidization process [26]. These methods give good results but
the preparation of the materials and the execution process is
very exhausting. Also, many secondary pollutants like various
oxidative intermediates are produced during the photocatalytic
degradation and oxidative process are more toxic than their
parent compound. On the other hand, adsorption techniques
are simpler and easier to conduct and integrate on a large scale.

Previous research has been undertaken on the manufacture
of magnetic nanoparticles from tea waste and their application
for the removal of arsenic and nickel from aqueous solutions
[27,28]. In current study, however, iron nanoparticles were
generated from spent tea leaves extracts and used to remove
Eriochrome black T dye from an aqueous solution, which differs
from the published studies. Recently, iron nanoparticles synthe-
sized using plant extract [16,28-33] and green tea leaves and
black tea [27,34] but all the investigations were based on the
synthesis of iron nanoparticles by green tea.

In present study, the removal of Eriochrome black T dye
by iron nanoparticles prepared through tea leaves extract has
been investigated. Synthesized iron capped nanoparticles were
characterized by FTIR spectroscopy, X-ray diffraction (XRD),
High-resolution transmission electron microscopy (HR-TEM)
and Field emission gun scanning electron microscopy (FEG-
SEM) with EDAX. Further, the degradation of Eriochrome
black T dye in the presence of sunlight and without sunlight
was also studied. To obtain the optimal conditions for the dye
degradation, the effect of various experimental parameters,
like the proportion of adsorbent, pH, the concentration of dye
and contact time on the rate of reaction was studied.

EXPERIMENTAL

AR grade ferrous sulfate and Eriochrome black T (EBT)
dye were used as received from the S.D. Fine Chemicals (India)
and used without further purification. Fresh green and black
tea leaves were purchased from the local market. All the solution
were prepared in the double distilled water.

Synthesis of iron nanoparticles: The tea leaves extracts
were prepared by adding 60 g tea into 1000 mL distilled water
and heated for 60 min in a water bath and then the extract
were vacuum-filtered. After cooling to the room temperature,

then 0.10 mol/L FeSO4 solutions was added to the tea extracts
with a ratio volume of 1:2. The resulting solution was centri-
fuged for 20 min; the supernatant was discarded and washed
three times with distilled water to remove unreacted salts and
tea phytochemicals on the colloidal surface. After washing,
the iron nanoparticles were centrifuged and the nanoparticles
were dried in an oven.

Characterization: Synthesized iron nanoparticles were
characterized by following various analytical techniques.
Fourier transform infrared (FTIR) spectra of synthesized iron
nanoparticles were recorded on a Shimadzu (IR Spirit) instru-
ment in the range of 4000-400 cm-1 using KBr pellet technique.
X-ray powder diffraction (XRD) analysis was carried out on a
RigakuD/max40kV diffractometer equipped with the graphite
monochromator and Cu target. Field emission gun scanning
electron microscope (FEG-SEM) images were recorded on a
JSM-7600F series instrument and high-resolution transmission
electron microscope (HR-TEM) images were recorded on a
Tecnai G2-F30 electron microscope. The sample preparation
was carried out via the coating on carbon coated grid Cu Mesh
300 prior to the measurement. The adsorption properties of
the synthesized iron nanoparticles were recorded by UV-1800,
Shimadzu spectrophotometer.

Adsorption studies: The adsorption studies of the synthe-
sized iron nanoparticles was assessed by monitoring decolouri-
zation of Eriochrome black T dye. Iron nanoparticles interacted
with Eriochrome black T dye solution at different pH (2.0-
10.0), different amount of adsorbent, different concentration
of dye and contact time. The adsorption experiments were
carried out in different conditions; for these experiments, the
Eriochrome black T dye solution was placed in an equal amount
in two beakers. (a) First beaker containing Eriochrome black
T dye solution and iron nanoparticles at room atmosphere
without sunlight; and (b) second beaker containing Eriochrome
black T dye solution and iron nanoparticles was kept at sun-
light.

The reaction temperature was kept constant at 29 ± 1 ºC
using a circulating liquid bath. Before irradiation experiments,
200 mL of dye solution of appropriate concentration containing
the desired quantity of adsorbent (0.1-1.0 g) and a predeter-
mined amount of 2 mM NaOH solution and HCl (for pH),
was magnetically stirred, while the solution was kept at least
for 15 min in dark to attain adsorption-desorption equilibrium
between the dye solution and the adsorbent surface.

Afterwards, the first sample (at 0 min) was taken out and
the irradiation was started. During irradiation, about 5-10 mL
were withdrawn at regular time (every 15 min) intervals,
centrifuged and the supernatant was subsequently analyzed.
The change in absorbance of the dye aliquots was followed at
its λmax (538 nm) as a function of irradiation time. The observed
absorbance spectra were in agreement with Beer-Lambert’s
law in the range of examined dye concentration. The concen-
tration of dye was calculated by a standard calibration curve
obtained from the absorbance of the dye at different known
concentrations. The adsorption experiments were repeated
three times in order to check the reproducibility of the experi-
mental results. The accuracy of the absorbance was found to
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be within ± 2. The consistency in the activity of the adsorbent
was analyzed by the recycling experiments. After the first attempt
of the adsorption experiment, the adsorbent was retrieved from
the centrifugation. The retrieved adsorbent was thoroughly
washed with deionized water and ethanol. The adsorbent was
dried at 60 ºC for 12 h and then reused in the next cycle of the
adsorption experiment. Equally, the experiment was repeated
for a set of cycles to monitor the loss in efficiency of the adsor-
bent after repetitive use.

The removal efficiency (%) was calculated as follows:

o

o

C C
Degradation (%) 100

C

−= × (1)

where Co is the initial concentration of Eriochrome black T
dye and C is the time-dependent concentration of dye upon
irradiation of visible light. The following first-order kinetic
equation can be used to describe the removal of Eriochrome
black T dye.

o

t

C
ln kt

C

 
= 

 
(2)

where Co and Ct are the concentrations of dye in solution at
times 0 and t, respectively and k is the first-order rate constant
(s–1).

RESULTS AND DISCUSSION

FTIR spectra of iron nanoparticles: The FT-IR spectrum
(Fig. 1) reveals that Fe-capped spent tea leaves as nanoparticles
contained a variety of functional groups. The bound –OH groups
were represented by the broad band at 3402 cm-1. The -C-C
stretching of the alkane functional groups caused the peaks at
2923 and 2853 cm-1. Similarly, the band about 1655 cm-1 could
be attributed to the -C=C stretching vibration and aromatic
functionality. The C-O and C=O groups were allocated to the
two bands at 1146 and 1036 cm-1, respectively [31-33].

X-ray diffraction (XRD) spectra of iron nanoparticles:
Fig. 2 shows the XRD patterns of iron nanoparticles synthesized
using tea extracts. The peaks observed in XRD patterns at 2θ
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Fig. 2. X-ray diffraction spectra of iron capped tea leaves nanoparticles

values of 44.9º, 35.68º, 35.45ºand 20.35º corresponded to zero-
valent iron (α-Fe), maghemite (α-Fe2O3), magnetite (Fe3O4)
and iron hydroxides [35,36]. However, iron oxides and iron
oxo hydroxides were mainly observed instead of Fe0 because
the iron nanoparticles synthesized by tea extract were amorphous
in nature [16]. Intensity peak at 2θ = 21.56º was identified as
the organic in gradient polyphenols/caffeine from tea extract
[37,38].

FEG-SEM studies of iron nanoparticles: The surface
morphology of the synthesized iron nanoparticles were exam-
ined by scanning electron microscopy. Fig. 3 shows the iron
nanoparticles before reaction with Eriochrome black T, which
confirmed that the iron nanoparticles have a spherical morpho-
logy with diameter ranges between 30-40 nm. The EDAX
spectra of Fe capped nanoparticles show the peaks for iron
and oxygen elements indicating the good development of Fe
capped nanoparticles. Peak indexing of the elements is oxygen
0.5 keV and iron 6.4 and 7.2 keV. The compositions in the
mass percentage of the elements are oxygen 30.53% and iron
62.72%.

HR-TEM studies of iron nanoparticles: Fig. 4 shows
the HR-TEM micrograph of the synthesized iron nanoparticles.
HR-TEM images showed that the majorities of particles were
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Fig 1. FTIR spectra of iron nanoparticles before (a) and after (b) adsorption of Eriochrome black T
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Fig. 3. FE-SEM of iron nanoparticles with EDAX

between 30-40 nm in size, possessed a circular morphology
and uniform in shape. The crystallinity of Fe capped nano-
particles was demonstrated using a selected area electron
diffraction (SAED) pattern with brilliant circular spots.

Optimization of adsorption parameters

Effect of adsorbent dosage: Because the amount of iron
nanoparticles utilized is likely to alter the dye degradation
process, different amounts of nanoparticles were used. When
the amount of adsorbent dose was increased, the percentage
of Eriochrome black T dye elimination likewise rose. This is
due to the increased iron surface area and more accessible
adsorption active site, however after adding a particular amount

(0.60 g) of an adsorbent, the rate became practically constant
(Fig. 5). This could be because, beyond a certain point,
increasing the amount of adsorbent did not increase the
adsorbent’s exposed surface area (active sites). As the adsorbent
covered the bottom of the reaction tank, it only increased the
thickness of the layer. It is possible that a saturation point was
reached and that after this saturation point, no effect of adsorbent
quantity was detected.
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Fig. 5. Effect of adsorbent dosage on the adsorption of Eriochrome black
T (EBT)by iron nanoparticles

This theory was also supported by the use of reaction
containers of various sizes. As the bottom area of the vessel
increased, so did the adsorbent exposed area and thus the per-
centage of dye removal increased. In the current study, beakers
of the same size were used for the whole experiment and after
a maximum exposure to adsorbent, additional adsorbent addi-
tion simply raised the layer thickness, but did not contribute
to improving the percent of dye removal. According to the experi-
mental results, 0.60 g of adsorbent was successful in achieving
the greatest removal percentage in Eriochrome black T dye.

Effect of pH: Because the charge of a surface on adsorbent
and dye molecules can be modified by pH values in aqueous
solution, the initial pH value is one of the most important para-
meters influencing the removal process of dyes for water
treatment. The experiments were carried out at a fixed adsor-
bate concentration (50 ppm), adsorbent dosage of 0.60 g and
a temperature of 29 ± 1 ºC. The pH was altered by adding 0.1
M HCl or 0.1 M NaOH and the dye’s adsorption was tested
throughout a pH range of 2-10. Eriochrome black T is a cationic
dye that exists in aqueous solution as positively charged ions.
As a charged ion, the degree of its adsorption onto the surface

Fig. 4. HR-TEM images of iron nanoparticles
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of iron nanoparticles is mostly affected by the adsorbent’s
surface charge, which is influenced by the solution pH.

Fig. 6 depicts the obtained results, which show that the
adsorption of Eriochrome black T dye increases with incre-
asing pH from 2.0 to 7.0 and that when pH increases further,
the percent of removal of Eriochrome black T (EBT) begins
to decrease. This is because the surface activities of the iron
nanoparticles change from positive to negative charge when
pH increases, resulting in electrostatic interaction between the
adsorbent and Eriochrome black T molecules. As seen in Fig.
5, as the pH rises from 2 to 7, the proportion of dye removed
rises and as the pH rises from 3 to 10, the removal percentage
of dye decreases. At pH 3.0, iron nanoparticles absorbed the
most Eriochrome black T dye. The maximal degradation of
Eriochrome black T dye with iron nanoparticles was approxi-
mately 95.32%.
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Fig. 6. Effect of pH on the adsorption of Eriochrome black T by iron-
nanoparticle

Effect of dye concentration: The initial concentration
of Eriochrome black T varied from 50 to 250 ppm. It has been
discovered that as the initial Eriochrome black T concentration
increases from 50 to 250 ppm, the equilibrium adsorption
increases. The findings were due to the fact that when the initial
concentration increases, the mass transfer driving force incre-
ases, resulting in the greater Eriochrome black T adsorption.
It was also discovered that the percentage of dye removed
decreases as the original concentration of Eriochrome black T
dye increases. According to Fig. 7, the greatest dye removal
by wasted tea leaves was 95.55% in a 50 ppm solution of
Eriochrome black T.

Effect of contact time: The most essential parameter in
adsorption dye removal is the influence of contact time. All of
the experiments were carried out over a set period of time.
Fig. 8 depicts the influence of contact time on the elimination
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Fig. 8. Effect of contact time on the removal of Eriochrome black T by iron
nanoparticles

of Eriochrome black T by adsorbent. It is apparent that the
percentage of dye elimination increases as contact duration
increases. The effects of contact time on the elimination of
Eriochrome black T were investigated in a set time interval.

The availability of a significant number of unoccupied
sites for Eriochrome black T adsorption can be attributed to
the rapid adsorption at initial contact time, but the sluggish
rate of dye adsorption could be related to slow pore diffusion
of the dye into the bulk adsorbent. Maximum dye removal was
achieved at 90 min utilizing iron nanoparticles, which was
approximately 95.60% (Fig. 9).

Comparison studies: The comparison studies was carried
out in order to compare the efficiency of the iron nanoparticles
prepared through tea leaves extract with the other reported
nanoadsorbents. Table-1 clearly shows the the iron nanoparticles
prepared waste tea leaves extract exhibit the best removal
efficiency of Eriochrome black T as compared to other reported
adsorbent materials.

TABLE-1 
COMPARATIVE DATA OF PHOTOCATALYTIC DEGRADATION OF  

ERIOCHROME BLACK T DYE IN PRESENCE OF VARIOUS PHOTOCATALYSTS 

Photo catalyst Catalyst load Degradation (%) Ref. 

β-Cyclodextrin coated Fe3O4 (10 ± 2 nm) 60 mg Degradation (90%) with hydrogen peroxide [39] 
Tri doped TiO2/CNT 0.1 g 66% Removal observed by TOC due to degradation and followed first 

order kinetics 
[40] 

ZnO 100 mg Degradation (92%) in UV light [41] 
NiO-ZnO on nanozeolite  Degradation (85%) in UV sunlight [42] 
Rice hull-based activated carbon 2 g 93.14% Removal by adsorption [43] 
CuFe2O4, CuMn2O4, MnZn2O4 80 mg 97% Dye degradation [44] 
CuO 0.02 g 98% Degradation in 60 min followed first order kinetics [45] 
Fe capped tea leaves nanoparticles 0.6 g Degradation achieved with sun light and without sunlight was found 

to be 95.60% and 84.8% respectively 
Present 
work 

 

[39]
[40]

[41]
[42]
[43]
[44]
[45]
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Conclusion

Iron nanoparticles produced from tea leaves extract were
used to remove Eriochrome black T dye in aqueous phase. FTIR
spectroscopy, X-ray diffraction (XRD), high-resolution trans-
mission electron microscopy (HR-TEM) and scanning electron
microscopy  (FE-SEM) were used to characterize the synthesized
iron nanoparticles. The X-ray diffraction patterns demonstrated
that the iron nanoparticles were amorphous. The spherical shape
of iron nanoparticles was readily visible using scanning electron
microscopy. Transmission electron microscopy (HR-TEM) of
iron nanoparticles revealed the particle sizes in the 30-40 nm
range. Using iron nanoparticles, the degradation of Eriochrome
black T dye was also monitored using visible absorption spectro-
scopy. The dye degradation performed best with in the presence
of sunlight at different parameters likes pH of 3, Eriochrome
black T dye concentration of 50 ppm and 0.60 g of adsorbent.
By stirring for 90 min at 29±1 ºC, the maximal removal of the
studied dye was obtained. Eriochrome black T dye adsorption
followed the pseudo-first-order kinetics. The percentage of
dye elimination using iron capped nanoparticles in the presence
of sunlight and without sunlight was found to be 95.60% and
84.8%, respectively.
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