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ABSTRACT

The dye-containing wastewater discharged from various industries such as textile, paint, paper,
cosmetic, dye producing, etc. severely contaminate surface water and have detrimental effect on
the environment as well as living organisms. In this present study, novel acid-modified tea leaves
(AMTL) were synthesized from used tea leaves and used as a cost-effective biosorbent to remove
anionic dye (Reactive Green 19, RG 19) from the effluent stream. The biosorbent was characterized by
thermogravimetry, X-ray diffraction, Fourier transform infrared and scanning electron microscopy.
Batch experiments for dye adsorption were carried out to analyse biosorbent dose, pH, stirring
speed, temperature, contact time and initial dye concentration. Langmuir, Freundlich and Temkin
isotherms were implemented to investigate and fit batch experimental data. The adsorption of RG
19 has followed Langmuir isotherm (R* > 0.988) with maximum adsorption capacity of 26.316 mg g'.
Biosorption kinetics of RG 19 by AMTL has followed pseudo-second-order kinetic model (R? > 0.999).
The values of AG®° (-1.66 to —5.94 k] mol™) and AH® (70.764 k] mol™) demonstrated that the adsorption
of RG 19 was spontaneous endothermic process.

Keywords: Biosorption; Reactive Green 19; Acid-modified tea leaves; Isotherms; Adsorption kinetics;
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1. Introduction

A large amount of wastewater containing different
types of dyes are discharged from textile, dye producing,
cosmetic, leather, pulp and paper, plastic and rubber, and
pharmaceutical industries [1,2]. Nowadays more than 10,000
types of commercial dyes are available in the market and
around 7 x 10° tons of dyes are produced yearly worldwide
and used widely in various industries for several purposes
[3]. It has also estimated that around 10%-15% of total dyes
is lost in the various industrial effluent streams [4], thereby
polluting the environment adversely.

Among all kinds of dye, the textile dyes have harmful
effects on human as well as animal health, such as malfunction
of kidneys, disorder in reproductive system, liver, brain, and
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the central nervous system due to their toxic, carcinogenic
and mutagenic nature [5,6]. The existence of very small
amount (10-50 mg L) of dye in water can even reduce the
sunlight penetration into water and cause hindrance in the
photosynthesis process, thus disturbing aquatic equilib-
rium as well as the food chain [7,8]. Hence, the removal of
colourful dyes from the industrial effluent becomes a major
concern in context to environmental aspects, demanding
urgent attention in such lucid area. Different conventional
technologies have been used for the removal of dyes from
the waste stream, which include biodegradation [9], hetero-
geneous photocatalytic degradation [10], solar photo-Fenton
degradation [11], photo-Fenton processes [12], electrochemi-
cal degradation [13], hybrid chemical-biological degradation
[14,15] and adsorption [16,17]. Traditional biodegradation

1944-3994/1944-3986 © 2019 Desalination Publications. All rights reserved.



S. Sarkar et al. / Desalination and Water Treatment 161 (2019) 188-202 189

techniques are not efficient for textile wastewater treatment
due to the lower biodegradability of dyes [18]. Moreover
other technologies are not economically viable due to
their higher operating cost. The biosorption process for
wastewater treatment has gained great attention in recent
times due to their low operational cost [19]. Moreover, the
conventional biosorbents can be easily modified to increase
adsorption capacity [20]. Hence, the adsorption of dyes
from wastewater in the presence of biosorbents becomes an
effective technology. Consequently, several researchers have
attempted to develop cost-effective adsorption techniques
for removal of colour from wastewater. In order to fulfill
this purpose, several materials such as chitosan [21], mango
seed kernel dust [22], neem saw powder [23], modified rice
straw [24], activated carbon produced from groundnut shell
waste [25], clay [26], calcium-rich fly ash [27], etc. have been
investigated. The researchers have shown major interest to
find out suitable biosorbent for anionic dye adsorption from
effluent stream as the adsorption capacities of most of the
aforementioned biosorbents for removal of anionic dyes are
not appreciable.

However, the uses of normal plant or agricultural wastes
have some difficulties during adsorption process such as
extremely low adsorption capacity, high biological and
chemical oxygen demand. In some cases, the total organic car-
bon (TOC) value also increases due to the release of organic
compounds present from the unmodified plant wastes [28].
Therefore, different chemical techniques have been used for
the activation or modification of biosorbents, such as ZnCl,
[28], KOH [29], SDS [30] and H,PO,-NaHCO, [31]. H,PO,
has been commonly used as an activating agent for biosor-
bent preparation from lignocellulosic material and it can
be easily separated by water and also offers non-polluting
characteristic [32,33].

Several types of agricultural wastes are generated world-
wide in bulk quantity. Among them, tea waste is one of the
major contributors of such type of waste. India produces
1,112 million kg of tea annually from the tea plant called
Camellia sinensis and is the second largest manufacturer of
tea in the world. It constitutes about 24.56% of worldwide
tea production [34]. However, used tea leaves create serious
disposal problem due to its oxygen demanding nature and
lower biodegradability. To mitigate limitations regarding
disposal of tea leaves several initiatives have been taken so
far to utilize those used tea leaves as a natural biosorbent.
For instance the used tea leaves can easily adsorb heavy met-
als [35] or dyes [36] from waste stream and modified waste
tea leaves has greater biosorption activity than unmodified
one. After adsorption, tea wastes become saturated and
then it is finally incinerated. Ash generated by the incin-
eration of saturated tea waste can be used as a biosorbent
instead of recognizing it as an environmental pollutant [36].
Henceforth, in the present research work, acid-modified tea
leaves (AMTL) waste has been selected as biosorbent for the
removal of dye (RG 19) from its aqueous solution.

The current study focuses on the application of AMTL
waste for dye of RG 19 removal from its aqueous solution.
The novelties of the current work are very specific and
straight forward, that is, the modification of used tea leaves
and its utilisation for the removal of anionic dye from waste-
water. So far, there is no publication available for anionic dye,

RG 19, removal by adsorption using AMTL waste. Moreover,
the effects of process parameters such as biosorbent dose,
pH and temperature of the solution, shaking speed and res-
idence time were studied and several adsorption isotherms,
that is, Langmuir, Freundlich and Temkin were verified with
the experimental data. Finally, adsorption kinetic parameters
were estimated and their variations with different initial
dye concentrations were depicted here.

2. Materials and methods
2.1. Reactive Green 19 (RG 19)

RG 19, C, H,,CI,N,.Na,O,S, having molecular weight
1,418.94, which was supplied by Sigma-Aldrich, USA (CAS
NO. 61931-49-5 and A__ =630 nm), was used as adsorbate for

this study. The structure of RG 19 is illustrated in Fig. 1.

2.2. Preparation of biosorbent

Raw used tea leaves were collected from a canteen
located in the campus of Jadavpur University, Kolkata,
India. Initially used tea leaves were boiled with purified
water repeatedly until the filtered water became colourless.
Then it was boiled with 30% H,PO, for 30 min and retained
in same acid solution for 24 h. Acid-treated waste tea leaves
were repeatedly washed with water until its pH became
neutral. After that, it was dried in the oven at 80°C for 24 h.
The dried AMTL were grounded and sieved to obtain parti-
cle size of 250 um and below. Finally, biosorbent was stored
in airtight plastic container for future use.

2.3. Adsorption study

The whole batch adsorption study was carried out
in a 250 mL stoppered glass Erlenmeyer’s flask with
100 mL working solution for 120 min. During the adsorp-
tion, the temperature was kept constant with the help of
temperature-controlled shaker at constant shaking speed of
175 rpm. After adsorption, the samples were withdrawn and
centrifuged at 10,000 rpm for 10 min to separate biosorbent
from the working solution. Then dye concentrations of the
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Fig. 1. Molecular structure of RG 19.
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supernatant were measured by UV-Vis spectrophotometer
(Model: Varian Cary 50Bio and Part no: EL07113760) at
630 nm wavelength.

To study the effect of modified biosorbent dose for the
removal of reactive RG 19, weight of AMTL were varied from
0.1 to 1.2 wt.% when dye concentration was maintained at
100 ppm. As pH played an important role for dye adsorption,
pH of working solution was varied in the range from 2 to
10. The pH of the dye solution was adjusted at desired value
using 0.1 N NaOH and 0.1 N HCI solutions. pH of the solu-
tions were measured by digital pH meter (Hanna, Romania).
During the pH variation, 100 ppm of the dye solution was
stirred with 0.8 wt.% of AMTL at constant temperature of
30°C. Moreover, the effect of temperature and agitation on
adsorption was measured with variation of temperature
from 25°C to 40°C and shaking speed from 100 to 200 rpm,
respectively, when all other parameters were kept constant.
All the experiments were performed in triplicate sets.

2.4. Equilibrium studies

Equilibrium studies were carried out for 120 min
with variation of initial dye concentrations in the range of
50-300 ppm at constant optimized conditions, that is, bio-
sorbent concentration (0.8 wt.%), temperature 30°C and
pH 3. Samples were withdrawn after certain time interval and
centrifuged to measure dye concentrations. Trial experimen-
tal run confirmed that to reach the equilibrium condition,
residence time of 120 min should be maintained. The
equilibrium biosorption, g, (mg g™) was calculated by Eq. (1).

(Co _Ce) %

XV 1)

qe =
where C; and C, (ppm) are the liquid phase concentration of
RG 19 at initial and equilibrium condition, respectively. V (L)
is the initial volume of dye solution and W (g) is the weight
of the biosorbent used.

Equilibrium dye removal percentage was calculated
using the equation below.

c,-C
Removal percentage = (Oci‘) x100 )

0

2.5. Batch kinetic studies

The method for batch adsorption kinetics study was
similar to the equilibrium studies. However, samples were
collected at fixed time interval and the concentrations of dye
were measured. The amount of dye adsorbed at any time ¢,
g, (mg g™') was calculated by the following relationship:

(CU—C[)

W xV 3)

q, =

where C, denotes the liquid phase dye concentration at
any time ¢.
2.6. Statistical analysis

The statistical analysis of the experimental data was
conducted carried out by one-way ANOVA using Minitab 16.

The confidence level (CI) for evaluating statistical significance
was considered as 95%.

3. Results and discussions
3.1. Effect of biosorbent dose on dye adsorption

The biosorbent dose was varied to determine the opti-
mum amount of biosorbent required for dye removal. In
this study, 100 mL of 100 ppm dye solution was taken and
the amount of biosorbent was varied. Fig. 2 shows the effect
of both raw and modified used tea leaves (AMTL) dose on
the percentage removal of RG 19. The results manifest that
the modification of raw tea leaves has promoted the dye
adsorption mechanism leading to the increase in the removal
percentage compared with raw used tea leaves. Relative
standard deviation between the percentage removal by raw
and modified tea leaves was found sufficiently high (about
25.1%) indicating significant deviation in adsorption capac-
ity of raw used tea leaves and AMTL. It was found that the
percentage removal of dye was increased with the increase
in the amount of biosorbent dose due to the availability of
more active surfaces and sites for enhanced biosorption.
At the equilibrium percentage removal of dye increased
from 43.7% to 95.9% by increasing the amount of biosor-
bent with the limiting value of 0.8 g. The mentioned quan-
tity (0.8 g in 100 mL working solution) is evaluated as the
optimal biosorbent dose as the percentage removal of dye
remains unchanged with any further increase of biosorbent
dose. The percentage removal of RG 19 gradually increases
with the increase in biosorbent dose up to 0.8 g/100 mL of
solution because of the enhanced availability of biosorption
sites and increased surface area with the increase in biosor-
bent dosage. However, no further change or improvement
in the percentage removal of RG 19 has been found beyond
0.8 g/100 mL. It can be attributed to the fact that at very high
biosorbent dose beyond 0.8 g, saturation point is reached
due to overlapping or aggregation of biosorbent particles,
ultimately reducing the availability of biosorption sites,
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Fig. 2. Effect of biosorbent dose on the adsorption of RG 19 on
both raw used tea leaves and acid-modified tea leaves (AMTL).
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surface area of the biosorbent and increasing the diffusion
path length [37]. Though till date only a few researches
had been carried out on RG 19 adsorption, a literature
comparison was highlighted in Table 1 in terms of removal
efficiency of RG 19 using different types of biosorbent. This
table manifests the well suitability of AMTL as biosorbent
for efficient removal of dye RG 19.

3.2. Effect of solution pH on dye adsorption

The effect of pH on the biosorption of RG 19 is shown in
Fig. 3. To understand the effect of the pH on dye removal,
the pH of the solution was varied from 2 to 11 with constant
dye concentration (100 ppm) and optimal biosorbent dose
of 0.8 g/100 mL. Since RG 19 is an anionic dye, it remains
negatively charged in the aqueous solution. As a result, the
adsorption mechanism of RG 19 on the biosorbent surface is
being governed by surface charge of the biosorbent, which
is greatly affected by the pH of the solution. Fig. 3 indicates
that the percentage removal of dye was maximum at pH 3
(95.9%) and it remained constant over the pH range of 4-5. It
was found that the equilibrium dye adsorption (g,) decreases
with the increasing pH. The equilibrium biosorption of dye
is higher in acidic range (at low pH) because of the presence
of excess H" ions, which shows high affinity to bind or com-
bine with negatively charged anionic dye and thus facilitates
the anionic dye biosorption process. Similar type of result
was found for anionic dye CR removal by Myrtus communis
and pomegranate [41]. The statistical result shows that the
F-value, defined as the variance in group means over mean
of the variance within the group, is 118.34 (>F ., = 4.49)
between the groups. Such a large F-value manifests that
there is significant deviation in RG 19 uptake by adsorbent in
the pH range of 2-10. Moreover small p value (p < 0.05) also
suggests that pH is a significant parameter that affects the
removal percentage of dye with its slight variation.

3.3. Effect of stirring speed on dye adsorption

The effect of stirring speed was also studied by varying
the shaking speed in the range of 100-200 rpm with a constant
initial dye concentration of 100 ppm, optimum biosorbent
dose of 0.8 g/100 mL, and pH 3. The results have been plotted

in Fig. 4a. The figure clearly explains that the dye removal
percentage increases with increase in stirring speed of the
system. The mechanism for dye removal (shown in Fig. 4b)
from the effluent involves four steps such as initially the
dye(s) molecules migrates from the liquid phase to the
boundary layer that is formed on the outer surface of the
biosorbent; in the next step the diffusion of the adsorbate
through the boundary layer takes place, then biosorption
of dye molecules at the outer side of the biosorbent occurs
and the final step is the intraparticle diffusion of the adsor-
bate into the interior part of the biosorbent. Henceforth
the increase in the biosorption of dye with the increase in
shaking speed is because of the alteration in resistance of
the boundary layer. The boundary layer resistance decreases
with increase in shaking speed and hence the rate of diffusion
or the mobility of the dye(s) molecules increases in the sys-
tem [42]. Eventually, the dye(s) molecules are forced to move
towards the biosorbent surfaces causing increment in the
adsorption rate [42,43]. Moreover ANOVA was carried out to
validate statistically the experimental data obtained at equi-
librium conditions. It was observed that the F-value (9.615)
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Fig. 3. Effect of solution pH on the adsorption of RG 19 on AMTL.

Table 1

Literature comparison of RG 19 adsorption using different types of biosorbent
Adsorbent Initial RG 19 Dye removal Residence References

concentration (mg L) percentage (%) time (min)

Untreated spent black tea leaves 50 6.75 60 [38]
Modified spent black tea leaves 50 98.8 60 [38]
(after thermal activation to 300°C for 1 h)
Activated carbon 50 77 60 [38]
Fuller’s earth 50 8 60 [38]
Ground nut shell carbon (GNC) 40 78.5 60 [39]
Baby corn carbon (BCC) 40 79 60 [39]
Peanut shell powder 250 96.3 90 [40]
Acid-modified tea leaves (AMTL) 100 95.9 20 Present study
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is greater than F_ . (5.32) revealing the rejection of null
hypothesis, that is, significant change in RG 19 adsorption
with the variation in shaking speeds. Moreover, low p-value
(p < 0.05) also confirms that shaking speed (rpm) is a signifi-
cant parameter affecting the adsorption of dye by AMTL.

3.4. Effect of temperature on dye adsorption
and thermodynamic study

To evaluate the effect of temperature on biosorption
process, the biosorption experiments were carried out at
four different temperatures such as 20°C, 25°C, 30°C and
35°C, with constant dye concentration of 100 ppm, opti-
mum AMTL dose of 0.8 g/100 mL and pH of 3. It was also
found from Fig. 5a that the amount of RG 19 adsorbed by
AMTL increased with increase in temperature. The results
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endothermic process and such observation is an exceptional
phenomenon. However, several researchers also have found
that biosorption of reactive dye by different biosorbents
was endothermic [10,44,45]. The statistical analysis shows
that the determined F-value (364.84) is higher than F__ . |
(5.98) and p-value (0.000006) is quite below the confidence
interval. Such a large F-value and low p-value reveals the
non-applicability of null hypothesis. Thus significant devia-
tion in RG 19 adsorption by AMTL at equilibrium condition
was observed with the change in temperature, indicating the
temperature as a significant parameter in controlling the
adsorption phenomenon.

The thermodynamic properties of the dye adsorption
process, AS°, AG® and AH°, were calculated by using
equations as mentioned below [46]:

AG, =—RTInK @
(b) Step 2 & Step 3 e
Step 4 7
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Fig. 4. (a) Effect of agitation speed on the removal of RG 19 on AMTL and (b) mechanism of dye adsorption on AMTL.
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Fig. 5. (a) Effect of temperature on the removal of RG 19 on AMTL and (b) plot of In K vs 1/T for the adsorption of RG 19 on AMTL.
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InK=="2-"= )

K= (6)

where AS°, AG® and AH® are the standard entropy change,
standard Gibbs free energy change and standard enthalpy
change. R is the universal gas constant (8.314 J mol™ K™),
T denotes the temperature in Kelvin and K denotes the
distribution coefficient of the adsorbate. All the mentioned
relationships (Eqs. (4)-(6)) are valid when the change in
enthalpy remains constant in the temperature range.

Fig. 5b shows that In K vs. 1/T is a linear plot. The
intercept and slope gives the values of AS and AH. The
thermodynamic parameters for 100 ppm dye solution were
calculated and listed in Table 2. From the table, it can be
observed that AH value for biosorption of RG 19 was pos-
itive, manifesting the endothermic nature of biosorption
phenomenon. Moreover the positive value of AS indicated
the gradual increase in the randomness at the solid/solution
interface during the course of biosorption process of dye
RG 19 onto AMTL. Furthermore, the free energy changes
(AG) at varied temperatures were found negative, revealing
the thermodynamically spontaneous nature and feasibility
of RG 19 biosorption process. Again from Table 2, it is
clearly understandable that the negative AG values follow
a decreasing trend with the increase in temperature which
further confirms the suitability and spontaneity of bio-
sorption of dye on the AMTL. It was found from previous
researches that the adsorption energies for physical and
chemical adsorption were in the range of 0 to —20 k] mol™
and —80 to —400 k] mol™, respectively [47]. In the present
study, the adsorption energies varied in the range of -1 to
-6 k] mol™ indicating the physical biosorption nature of the
process. The physical biosorption generally occurs when
the intermolecular attractive forces between the biosorbent
and adsorbate becomes stronger than the intermolecular
forces within the adsorbate molecules. On the other hand,
chemisorption process follows the chemical bonds forma-
tion within the molecules of biosorbent and adsorbate.
Therefore it can be concluded that the present biosorption
study of RG 19 on AMTL followed a physical biosorption
mechanism.

3.5. Effect of contact time and initial concentration
on dye adsorption

Fig. 6 shows the effects of initial dye concentration
(50-300 ppm) on the removal of RG 19 by the biosorbent

Table 2
Thermodynamic parameters for the adsorption of RG 19 on
AMTL at different temperatures

Temperature (°C) AG® (kf mol™) AH° (k] mol™) AS° (k] mol™)
25 -1.66 70.764 0.243

30 -2.95

35 —-4.35

40 -5.94

with varying contact time. The amount of dye adsorbed per
unit mass of the biosorbent increased with the increasing ini-
tial dye concentration, although the percentage removal of
dye decreased. The amount of dye adsorbed at equilibrium
(9,) was elevated from 5.923 to 26.24 mg g~ with the increase
in the initial dye concentration from 50 to 300 ppm. However,
it was also observed that the equilibrium percentage removal
of RG 19 decreased from 98.718 to 72.89 as the initial dye
concentration increases from 50 to 300 ppm. As the mass
transfer resistance becomes larger with the increase of
initial dye concentration in the solution, the percentage
removal of dye gradually decreases, though the amount of
RG 19 adsorption increases with initial dye concentration. It
was also found that as the time progresses, the removal of
RG 19 has increased for each initial dye concentration and
ultimately reached its equilibrium point.

Fig. 6 shows rapid adsorption of RG 19 in the first 20 min
for all initial dye concentration. After that the adsorption rate
of dye decreases and finally reaches equilibrium. The resi-
dence time required to achieve equilibrium for initial dye
concentration of 50-150 ppm and 200-300 ppm was 20 and
30 min, respectively. However, the experiments were per-
formed for 120 min to become confirmed that the complete
equilibrium was reached.

3.6. Effect of ionic strength on dye adsorption

Addition of inorganic salts is very common in the course
of dyeing mechanism utilizing reactive dyes, to promote the
bonding between dye and fiber by forcing the dye molecules
out of the bulk solution onto the fiber surface. Henceforth,
two widely utilized inorganic salts, sodium chloride (NaCl)
and sodium sulphate (Na,SO,) were selected to evaluate
the ionic effects of these salts on RG 19 adsorption mecha-
nism. From Fig. 7 it was observed that the incorporation of
NaCl at dosage of 0.1 to 0.5 M resulted in the increase of RG
19 uptake. However, no further elevation in RG 19 uptake
was found beyond the low concentration of NaCl (0.1 M).
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Fig. 6. Effect of contact time and initial concentration of RG 19
adsorption on AMTL.
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Fig. 7. Effect of ionic strength on adsorption capacity of AMTL.

Similar result was also observed on addition of Na,SO, salt.
From the theoretical point of view, when the electrostatic
forces of attraction is predominant between the biosorbent
surface and adsorbate ions, the adsorption capacity will
be reduced with the rise in ionic strength [48,49]. However
the present experimental data showed the reverse trend
as with the addition of Na salts, the adsorption of anionic
dye molecules was facilitated on positively charged biosor-
bent surface leading to the substantial enhancement in dye
removal. This is attributed to the exaggerated aggregation of
dye molecules because of the induced action of salt ions to
increase several intermolecular forces such as Van der Waals
forces, dipole—dipole forces and ion—dipole forces acting in
between the dye molecules in the solution [49,50]. From the
statistical ANOVA analysis, it can be interpreted from very
high F-value and low p-value that ionic strength is also a
significant parameter that controls the uptake of RG 19 dye
by AMTL. F-values (485.59 and 637.68) were found suffi-
ciently greater than F . . (4.75) for both NaCl and Na,SO,,
respectively, and p values were very less, thus rejecting the
null hypothesis validation.

3.7. Isotherm analysis

Langmuir, Freundlich and Temkin isotherms were used
to analyse the suitable isotherm for RG 19 adsorption on
AMTL. In case of any adsorption analysis, the determina-
tion of suitable isotherm using equilibrium data at room
temperature (30°C) is of utmost importance [19].

3.7.1. Langmuir isotherm

The Langmuir [52] isotherm (Fig. 8a) is the simplest
model for physical adsorption. The assumptions of this
model are (i) the molecules are adsorbed at separate active
sites on the surface, (ii) only one molecule is adsorbed at each
active site, (iii) energy of the adsorbing surface is uniform and
(iv) adsorbed molecules cannot interact with each other [51,52].
The Langmuir isotherm can be linearised according to Eq. (7).

g — g + ; (7)
9. 4. (Ka,)

where g (mg g™') is the maximum adsorption capacity of
AMTL and the Langmuir isotherm constant K, (L mg™)
is related to the adsorption energy. The values of different
constants were determined using the equilibrium data and
Langmuir isotherm equation and values are tabulated in
Table 3.

The important characteristic of Langmuir isotherm can
be articulated in terms of a dimensionless constant called
separation factor (R,) which is calculated as follows [53].

1
R = (1+K,C,) ®)

where C, is the initial adsorbate concentration and K; is the
Langmuir isotherm constant. Depending on the values of R,
suitability of process can be evaluated likely the process is
unfavourable (R, > 1), linear (R, = 1), favourable (0 < R, <1)
or irreversible (R, = 0) [53]. Favourable adsorption occurs
when the values of R, are in between 0 and 1. R, values for
the adsorption of RG 19 by AMTL were in between the range
of 2.79 x 10 and 4.672 x 10 for initial dye concentration
of 50-300 ppm, respectively, which signifies the favourabil-
ity of adsorption of RG 19 on AMTL surface. Adsorption
process becomes irreversible with increasing initial dye
concentration.

3.7.2. Freundlich isotherm

The Freundlich isotherm (Fig. 8b) is an empirical
isotherm which assumes that the quantity adsorbed at equilib-
rium has a power law dependence on the concentration of
the solute [54].

The Freundlich isotherm can be linearised as follows:

1
Ing, :anf+;1nC5 )

where K, and n denotes Freundlich isotherm constants.
K, (mg g”) (L mg™)"" is associated with biosorption capacity
and 1/n is related to adsorption intensity. The value of 1/n
gives an idea about the favourability of adsorption. Value of
n > 1 implies that the adsorption process is favourable [55].
The values of Freundlich isotherm constants and linear reg-

ression correlation for Freundlich model are given in Table 3.

3.7.3. Temkin isotherm

In case of Temkin isotherm (Fig. 8c), the effects of some
indirect interactions between adsorbate molecules on adsorp-
tion isotherms were considered and suggested that the heat
of adsorption of all the molecules in the layer would decrease
linearly with coverage due to these interactions. The Temkin
isotherm can be linearised according to Eq. (10).
g,=BInA+BInC, (10)
where the constant B = RT/b is associated with the heat of
adsorption, R is universal gas law constant (8.314 ] K™ mol™),
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Fig. 8. Isotherm plots for RG 19 adsorption on AMTL at 30°C: (a) Langmuir model, (b) Freundlich model and (c) Temkin model.

Table 3
Isotherm constant values for RG 19 adsorption on AMTL at room
temperature

Isotherm Parameters Parameters values R?

Langmuir g, (mgg™) 26.316 0.988
K, (Lmg™) 7.132

Freundlich K, (mgg™)(Lg™")" 6.398 0.971
n 3.165

Temkin ALgh 3.132 0.961
B 4.302

T (K) represents absolute temperature, b (J mol™) is the
Temkin isotherm constant, A (L mg™) is the equilibrium
binding constant. The values of A, B and linear regression
correlation (R?) for Temkin isotherm model are given in
Table 3.

It can be easily seen from Fig. 8a that the Langmuir iso-
therm fits the equilibrium data better than Freundlich and
Temkin isotherms. The higher R? value also confirms that the
Langmuir isotherm is fitted better with equilibrium data than
Freundlich and Temkin isotherms. Moreover from Table 3, it
is manifested that the predicted g, value from the Langmuir

model at initial dye concentration of 100 ppm is almost
equivalent to our experimental g, value showing mere 0.3%
deviation among them. For the adsorption of RG 19 by AMTL
with initial dye concentration of 100 ppm, R, value was cal-
culated as 1.4 x 107 (in the range of 0 < R, < 1) revealing the
favourability of the adsorption phenomenon. Furthermore
the value of ‘n’ from Freundlich isotherm was determined as
3.165 (>1), which also indicated the appropriateness of RG 19
adsorption by AMTL. Therefore the adsorption of RG 19 on
AMTL was contemplated to be as monolayer adsorption with
homogenous surface affinity.

3.8. Dye biosorption kinetics

In order to determine the biosorption kinetics of RG 19
on AMTL for the simulated solution, Lagergren pseudo-first-
order model and pseudo-second-order kinetic model were
applied to the experimental data. These two models are the
most common models for the determination of adsorption
kinetics. Linear regression correlation coefficient (R?) values
were utilized for the selection of the best fitted model.

3.8.1. Pseudo-first-order

The Lagergren pseudo-first-order model suggests a
proportional adsorption rate and widely applied for the
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adsorption of solute from its liquid solution. The pseudo-
first-order model was suggested by Lagergren [56] as follows:

k, ‘
2.303

log(q, —q,) =log(,) [ 1)
where k, (1 min™) is the pseudo-first-order adsorption rate
constant. The pseudo-first-order adsorption rate constant
(k) and g, values can be calculated by plotting log (g, - g,)
vs. time (figure not shown) at different dye concentrations
[57]. The values of k,, q, and corresponding linear regression
correlations (R?) values are shown in Table 4.

3.8.2. Pseudo-second-order
The pseudo-second-order rate expression can be expressed
in the form of Eq. (12) [58].
t 1 t
+

9. ka’ q

(12)

where k, (g mg™ min™) is the constant for pseudo-second-
order adsorption. The values of k, and equilibrium adsorption
capacity (g,) can be calculated from the slope and intercept
of t/q, vs. t plot (Fig. 9). The values of determined k,, g, and R?
values are shown in Table 4.

The linear regression correlation (R?) values for pseudo-
second-order kinetic model were found to be higher than the
R? values for pseudo-first-order kinetic model. It is also eas-
ily found from Table 4 that the calculated values (g, ) are
close to experimental values (g, ) for pseudo-second-order
kinetic model. Therefore adsorption kinetics of RG 19 on
AMTL can be convincingly described by pseudo-second-
order kinetic model in comparison with the pseudo-first-order
model.

3.9. Intraparticle diffusion

The previously described kinetic models could not define
the dye diffusion mechanism; hence intraparticle diffusion
model proposed by Weber and Morris [59] was considered
in the present study to describe dye adsorption mechanism
using AMTL. The empirical equation for intraparticle mecha-
nism proposed by Weber and Morris is expressed as follows.

q, =kt +C, (13)

Table 4
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where k; (mg g min™?) is the intraparticle diffusion rate
constant for the i th stage and C, is the intercept related to
the boundary layer thickness. The boundary layer effect
increases with larger intercept. The values of k ;and C, can be
obtained from the slope and the intercept of g, vs. 2 straight
line (Fig. 10). If g, vs. ' gives linear plot then the intraparticle
diffusion is involved in the adsorption process and also if the
straight line passes through the origin then the rate-limiting
step in the adsorption process is solely governed by intrapar-
ticle diffusion [60]. Fig. 10 shows that none of the plot passed
through the origin and all plots were multilinear curves with
respect to the initial dye concentration, which implies that
two or more steps control the adsorption process such as
film diffusion followed by intraparticle diffusion in macro-,
meso-, and micropores [61]. The values of intraparticle dif-
fusion parameters and linear regression correlations (R?)
for all the linear stages are presented in Table 5. The initial
sharper region of the plots is mostly due to the diffusion of
dye molecules through the film to the external surface of the
biosorbent (film diffusion) and the second portion exhibits
the diffusion of the dye molecules within the pores of the
biosorbent (intraparticle diffusion). The two phases in Fig. 10
imply that the biosorption of RG 19 involved surface biosorp-
tion and intraparticle diffusion. The first phase of adsorption
was completed within 16 min, for all dye concentrations, and

25

50 ppm
o 100 ppm

140

Time (min)

Fig. 9. Pseudo-second-order model for RG 19 on AMTL for
different initial concentrations at 30°C.

Kinetic parameters values for the removal of RG 19 at room temperature

Initial concentration pop (MG &) Pseudo-first-order kinetic model Pseudo-second-order kinetic model
(mg L) k Amin®) g, (mggh) R k,(gmg'min) g4, (mgg") R

50 5.923 0.049 0.419 0.540 0.487 5.93 0.999
100 11.57 0.064 1.267 0.712 0.207 11.61 0.999
150 16.357 0.052 2.262 0.707 0.108 16.42 0.999
200 20.5 0.041 3.670 0.645 0.052 20.57 0.998
250 23.26 0.078 5.642 0.904 0.055 23.41 0.999
300 26.24 0.064 3.805 0.744 0.065 26.38 0.999
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Fig. 10. Intraparticle diffusion plot for RG 19 adsorption on
AMTL for different initial concentrations at 30°C.

then intraparticle diffusion observed in the second phase.
The nonlinearity of the plots (Fig. 10) over the complete time
scale implies that more than one process involved for RG 19
dye biosorption.

Table 5
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3.10. Characterisation of raw, modified and dye-loaded
used tea leaves

3.10.1. Thermogravimetric and X-ray analysis

Thermogravimetric analysis (TGA) was performed
using PerkinElmer, Singapore, analyser under nitrogen
atmosphere with 150 mL min™ flow rate, 15°C min™ tem-
perature increasing rate and platinum crucible with alpha
alumina powder as reference. The analysis was performed
in the temperature range of 34°C-800°C. Fig. 11a shows the
thermal stability of both raw used tea leaves and AMTL
under the above-mentioned conditions. Comparative study
of TGA between raw and modified tea leaves does not indi-
cate any significant deviation in thermal stability before
and after acid treatment of the biosorbent, only manifest-
ing slight improvement in terms of reduced weight loss
after biosorbent modification. Tea leaves is a lignocellulosic
compound consisting mainly cellulose, hemicellulose and
lignin components. The TGA for AMTL initially shows only
8% weight loss with the gradual increase in temperature
up to 100°C due to the loss of hygroscopic water content
from the sample. The onset of biosorbent decomposition
is clearly marked by the weight loss starting from 240°C
because of the breakdown of hemicellulose content of

Intraparticle diffusion model constants and correlation coefficients for the adsorption of RG 19 on AMTL for different initial

concentrations at 30°C

Initial concentration First stage adsorption

Second stage adsorption

(mg L) k, (mg g™ min™?) C, R? k, (mg g™ min™?) C, R2

50 0.644 3.5298 0.8152 0.009 5.827 0.9714

100 0.6933 8.5535 0.8972 0.0099 11.461 0.9647

150 1.4714 10.261 0.9441 0.0339 15.992 0.9592

200 2.7796 9.0805 0.9563 0.1474 19.169 0.7911

250 2.238 13.737 0.8737 0.3218 20.918 0.6707

300 2.5568 15.578 0.9595 0.0794 25.598 0.7514
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Fig. 11. (a) TGA plot for both raw used tea leaves and AMTL as biosorbent and (b) XRD plot for both raw used tea leaves and AMTL

as biosorbent.
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the used tea leaves. Beyond 240°C, the rate of weight loss
increases rapidly and continues up to 300°C because of the
decomposition of hemicelluloses. Again the rate of change
in weight loss gets elevated because of the cellulose decom-
position and reaches the maximum value at 445°C when
the major fraction of cellulose content decomposes and
lignin part starts to decay. After 445°C, the biosorbent loss
becomes continuous due to conversion of the biosorbent
into oxides with any further increase in temperature. This
thermal stability analysis of AMTL suggests that AMTL can
be successfully used as a biosorbent in various industries at
an elevated temperature.

X-ray analysis of both raw used tea leaves and AMTL
was performed to determine whether the biosorbent is
amorphous or crystalline in nature. In Fig. 11b, a diffrac-
tion peak is observed at around 20 = 22.5° which helps to
portray the characteristic of raw used tea leaves and AMTL.
For raw used tea leaves, the XRD pattern shows peaks at
around 26 = 17° revealing the amorphous portion (such as
cellulose, hemicellulose and lignin) and at 20 = 22.5° indi-
cating the presence of partially crystallized fraction of cellu-
lose. However, XRD analysis of AMTL shows no significant
high or middle intensity peaks, denoting the predominant
amorphous nature of AMTL. At 20 = 22.5°, the diffraction
peak was observed quite sharp for raw tea leaves but dis-
appeared in acid-modified samples. Therefore the absence
of any characteristic peaks on XRD pattern after acid
treatment manifests the turbostratic structure of disordered
carbonaceous materials in the sample, compared with raw
tea leaves.

3.10.2. FT-IR analysis of raw, modified and dye-loaded
used tea leaves

The FT-IR spectral analysis has been evaluated in details
under the light of previous literatures and is shown in
Fig. 12. The FT-IR analysis was carried out in the range of
400-4,000 cm™ to determine the presence of different func-
tional groups on the raw tea leaves, modified tea leaves
surface before and after dye adsorption. The spectra portray
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Fig. 12. Comparative FI-IR spectra analysis of raw used tea
leaves, AMTL and dye-loaded AMTL biosorbent.
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several absorption peaks, inferring the complex nature
of used tea leaves. The first observed peak at 3,414 cm™
is referring to vibration of OH stretching which is quite
stronger for the raw tea leaves. However this peak has
been weakened for the modified tea leaves after the acid
treatment. The bands showed at both 2,918 and 2,843 cm™ in
case of modified tea leaves before and after adsorption are
ascribing to aliphatic C-H bands (asymmetric and symmet-
ric, respectively), which are completely missing for the raw
tea samples. Therefore it was concluded that with the aid of
acid activation, phosphoric acid brings significant changes in
the chemical structure of the raw tea leaves. At wave number
range of 1,740-1,750 cm™, a shoulder can be observed which
is assigned to the carbonyl stretch of carboxyl. Stretching
absorption band at 1,740-1,750 cm™ is assigned to carbonyl
C=0O which is observed for the raw material. During acid
treatment, phosphoric acid participates to break some
bonds in both aliphatic and aromatic compounds available
in the raw tea leaves resulting in release and elimination
of several volatile and light weight substrates and thereby
inducing partial aromatisation. This described behaviour is
confirmed with the almost complete desertion of C=O stretch
at 1,738 cm™ in the raw tea leaves [25]. The plateau observed
at 1,630-1,650 cm™ could be inferred as the C=O stretching
when being conjugated with amine (NH, band). Moreover
the bands highlighted in the range of 1,520-1,550 cm™
indicate the presence of secondary amine group. The peaks
noticed at 1,234 and 1,036 cm™ are ascribed to —SO, stretch-
ing and C=0O stretching of ether groups, respectively. Table
6 shows that some peaks are shifted after dye adsorption
while some peaks retain the same position. Henceforth,
the shift in functional groups of -OH, C=0, -NH,, -CH in
tea leaves before and after adsorption of dye suggests the
probable interactions of these functional groups with RG
19, following the mechanism of hydrogen bonding, surface
complex and electrostatic attraction.

3.10.3. SEM micrographs of raw used tea leaves, AMTL
and dye-loaded AMTL biosorbent

SEM images of the raw used tea leaves, modified tea
leaves before and after dye biosorption are represented in
Figs. 13a—c, respectively. It clearly indicates that the surface
morphology of the raw used tea leaves (Fig. 13a) is compar-
atively smoother, posses reduced voids and cracks, whereas
modified tea leaves after acid treatment (Fig. 13b) shows
the presence of numerous cracks with high voids and a few
grains of varied size distribution in large holes. Moreover
the surface morphology of modified tea leaves is rather
irregular, rough and heterogeneous in nature. However,
after dye adsorption (Fig. 13c) the surface of AMTL is
almost completely blanketed with dye molecules, affirming
the occurrence of adsorption mechanism of dye molecules
onto the pores of modified tea leaves.

The major constituents of the raw biosorbent, biosor-
bent before dye adsorption and after dye adsorption were
analysed by EDX analysis. The major constituents of the
raw used tea leaves were only C and O, without reflecting
the presence of any inorganic metals (Fig. 13d). However
after acid treatment, modified tea leaves before adsorption
contain C (59.4%), O (38.65%) and P (1.95%) at very minor
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Table 6
FT-IR spectral characteristics of AMTL before and after dye adsorption

IR peak Frequency (cm™) Assignment
Before adsorption After adsorption Differences
1 3,414.02 3,422.07 +8.05 Bonded -OH group
2 2,918.76 2,926.8 +8.04 Aliphatic -C-H group
3 2,842.67 2,849.99 +7.73 Aliphatic -C-H group
4 2,362.77 2,354.72 -8.05 —C=N stretching
6 1,631.21 1,623.17 -8.04 —C=0 stretching
7 1,517.09 1,524.41 +7.32 Secondary amine group
8 1,455.60 1,448.32 -7.28 Symmetric bending of CH,
9 1,372.24 1,379.58 +7.34 Symmetric bending of CH,
10 1,326.15 1,334.2 +8.05 Amine group
11 1,234.71 1,234.71 0 -SO, stretching
11 1,036.46 1,036.46 0 C=0 stretching
12 891.607 899.655 8.048 —-C-C- group
13 587.279 579.232 -8.047 —-C-C- group
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Fig. 13. SEM images for (a) raw used tea leaves, (b) AMTL before dye adsorption and (c) AMTL after dye adsorption. EDX spectra of
(d) raw used tea leaves, () AMTL before dye adsorption and (f) AMTL after dye adsorption.

amount (Fig. 13e). The EDX analysis of modified tea leaves
after dye adsorption (Fig. 13f) portrays the existence of Na
(0.12%) and S (1.01%) peaks as sodium (Na) and sulphur
(S) in the dye structure, confirming the attachment of the
dye on the modified biosorbent. All the characterisation
techniques support the modification of tea leaves during
acid treatment and also confirmed the high adsorption
capability of AMTL.

3.11. Regeneration and reusability of the biosorbent

One of the most important aspects of any adsorption
process from economical and environmental perspective is
the regeneration of the used biosorbent. The prime intricacy
involved in adsorption processes is the disposal of used
biosorbent. Therefore, regeneration of the used biosorbent
can deflate the requirement of new biosorbent and even can
diminish the difficulties related to disposal of used biosor-
bent. Henceforth in the present study, agricultural waste,
that is, used tea leaves has been selected as the biosorbent
considering the benefits of its usage such as less expensive,
readily available, easy regeneration, high adsorption
capacity, needs minor processing, etc. As used tea leaves
are available worldwide at very low cost or no cost, the
requirement of regeneration is not so demanding. Moreover
considering the significant calorific value of used tea leaves
of around 21.69 mJ kg™, these exhausted biosorbents can be
easily disposed by incineration and utilizing the heat for
steam generation [62,63].

However, desorption and reusability properties of the
modified tea leaves were evaluated here to determine the
stability of biosorbent. The reusability of AMTL towards
adsorption of anionic dye RG 19 was experimented for three
consecutive cycles. The biosorbent used in the biosorption
of RG 19 solution (initial dye concentration of 100 mg L)
was separated from the solution via filtration process
using Whatman filter paper. Then the dye-loaded AMTL
were washed using distilled water to get rid of unadsorbed
dye. Then the desorption was carried out by mixing this
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Fig. 14. Reusability of the biosorbent in terms of dye removal
percentage with consecutive adsorption cycles.

biosorbent into water and kept for shaking at stirring speed
of 200 rpm for next 12 h at 30°C. After desorption, the biosor-
bent was again washed with distilled water for several times
to remove any residual dye molecules followed by drying in
hot air oven at 80°C. Reusability of AMTL was assessed by the
change in removal percentage of RG 19 with the increase of
reusage cycles as shown in Fig. 14. It has been observed that
the removal rate has reduced from 95.9% to about 33% after
three successive cycles. The gradual decrease in the removal
capacity of desorbed AMTL is because of the alteration in
superficial structure of modified tea leaves and blockage of
the maximum binding sites in used tea leaves. Concurrently,
it can be deduced from the experimental observations of
desorption that AMTL has the potential to be considered as
a promising biosorbent for RG 19 removal without causing
any sort of secondary pollution.
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4, Conclusions

In this present study, AMTL was used as an effective
biosorbent for the removal of anionic dye RG 19 from
aqueous solutions and AMTL can be used as inexpensive
biosorbent for wastewater treatment. Langmuir, Freundlich
and Temkin isotherm models were used for the analysis of
the experimental data. It was observed that experimental
data gave best fitting with the Langmuir isotherm with a
monolayer adsorption capacity of 26.316 mg g™. The adsorp-
tion of RG 19 by AMTL followed pseudo-second-order
kinetics with good correlation, R* = 0.999. The multilinear
plots expressed that the dye adsorption process involved
more than one adsorption mechanism. Hence AMTL can be
utilised as an inexpensive biosorbent for removal of RG 19
from aqueous solution.
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