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Abstract: This study presents the investigation of kinetics and thermodynamics of adsorption of Acid Red 1 (AR1) from aqueous solution on used
black tea leaves (UBTL) as a biosorbent. The effects of initial dye concentration, solution pH and temperature on the adsorption kinetics were
evaluated through batch adsorption experiments. Different kinetic model equations such as pseudo first order, pseudo second order, Elovic and
Intra-particle diffusion were applied to the experimental data to evaluate their validity and determined their respective parameters. The results
revealed that the adsorption kinetics is well described by pseudo second order kinetic equation. The equilibrium amounts adsorbed, calculated
from the pseudo second order kinetic plots for different initial concentrations, were used to construct the adsorption isotherm which is well
expressed by Langmuir equation compared with Freundlich one and the maximum adsorption capacity was 30.03 mg/g. Again, the equilibrium
amounts adsorbed, calculated from the pseudo second order kinetic plots for different temperatures, were increased with the increase of adsorption
temperature indicating the adsorption is endothermic. The calculated values of apparent activation energy (E. = 3.35 kJ/mol), enthalpy change (AH
= +30.05 kJ/mol), entropy change (AS = +0.119 kJ/mol) and free energy change (AG) revealed that the adsorption of AR1 on UBTL at pH 2.0
was endothermic, spontaneous and physical in nature. The equilibrium amount adsorbed for different initial pH of solution, calculated from
pseudo order Kinetic plots, was found to be decreased with increase of solution pH from 2.0 to 8.0 suggesting the adsorption mechanism is

dominated by electrostatic interaction between positive surface of UBTL at pH 2.0 and negative AR1 dye molecules.
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1. Introduction

In the recent era, an important issue is the
environmental pollution especially water pollution
caused by industrial effluents. Industrial effluents
contain various synthetic dyes used in industries for
coloring purpose. All kinds of fabrics and baby food
are colored using synthetic mono azo dyes like as
acid red 1 (AR1) [1]. Various problems such as
reduction of light penetration, reduction of oxygen
solubility and photosynthetic activity for aquatic life
caused due to presence of dyes in water [2]. Azo dyes
are the most used dye among the dye compounds due
to the diversity in chemical structure and easy to
make these dyes [3]. These dyes are non
biodegradable and more stable due to complex
structure. Moreover, toxic and carcinogenic
characteristic of dyes causes serious destruction on
kidneys, liver, brain, fertility and central nerve system
[4-5]. Hence, it is a dire need to maintain the quantity
of colored dyes in waste liquids before its discharge
into streams of water bodies.

In the last few years, for the remediation of dye from
wastewater to control water pollution, various
physical, chemical and biological methods were used.
For instance: avanced oidation [6-7], potodegradation
[8], electrocoagulation [9], adsorption [10], anion
exchange membrane [11], cation exchange membrane
[12], coagulation/flocculation [13] are commonly
used. Amongst all these removal methods, adsorption
is the most widely used procedure due to its cost

effectiveness, simple design, easy operation and
efficiency.

There are various types of adsorbent materials used in
removing colored dyes from aqueous solutions
effectively. Because of high and versatile adsorbent
capability and microporous structure, activated
carbon is highly recognized adsorbent for removing
acid red 1 dye from waste water [14-15]. But, its
commercial use is limited due to its high cost. This
problem can overcome using non-conventional
adsorbents such as chitosan-iso-vanillin sorbent
material [10], spent mushroom waste [16], peel of
cucumis sativus fruit [17], preformed flocs [18], used
black tea leaves (UBTL) etc. Out of them, UBTL act
as a good adsorbent in the adsorption study due to
economically cheap, easily accessible, environment
friendly, high adsorption capacity and easy to recover
the adsorbate from adsorbed UBTL [19]. Therefore,
the main objective of this study was to assess the
potentiality of UBTL to remove Acid Red 1 (AR1)
dye from synthetic wastewater. The impact of various
parameters like initial dye concentration, solution pH
and processing temperature were investigated.

2. Materials and Methods

2.1 Chemicals

All chemicals of analytical grade were used in this
study. Acid red 1 (AR1) is the adsorbate in this
research work which is a strong acid dye and anionic
in nature. The chemical formula of this dye is
CigH13N3Na,0gS, and molecular weight 509.42
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g/mole. Its IUPAC name is (5-(Acetylamino)-4-
hydroxy-3-(phenylazo) naph-thalene-2,7-disulphonic
acid). The molecular structure of Acid Red 1 is shown
in Figure 1. This dye contains sulfonic acid groups,
which gives the dye molecule as a negative charge in
aqueous media. Distilled water was used to prepare
all the solutions for each experiment. The initial
solution pH was adjusted using 0.1 M HNOs or 0.1 M
NaOH.

HO O
o
HMN §—ONa

0~ "CHs °

Figure 1 Molecular structure of Acid Red 1 (AR1)

2.2 Preparation of adsorbent

In the beginning of this study, fresh black tea leaves
were collected from departmental store in Dhaka city,
Bangladesh. To remove colored materials from fresh
black tea leaves, about 50 g of fresh black tea leaves
were boiled in 500 mL of distilled water for 2 hours.
Then dried in oven at 105°C for 12 hours and
prepared leaves were sieved through the metallic
sieves of mesh size 212- 300 um. Finally, stored in
air tight bottle and kept in desiccators. The surface
morphology of the prepared UBTL was investigated
under Scanning Electron Microscopy (SEM) (JSM-
6490LA, JEOL, Japan) and presented in Figure 2
which shows the heterogeneous surface morphology
of prepared UBTL.

2.3 Experimental

In this study, the adsorption of AR1 from aqueous
solution was investigated by executing batch
adsorption experiments. At first, the experiment was
carried out in a series of reagent bottles at a constant

Figure 2 SEM micrograph of prepared UBTLx5000.

temperature to investigate the impact of initial
concentration on adsorption process. 25.0 mL of fixed
concentrated Acid Red 1 solution at pH 2.0 as a
predetermined optimum pH was taken in each of 6
bottles and 0.0500 g of UBTL was added. Then
solution was shaken in a thermostatic mechanical
shaker (NTS-4000 Eyela, Japan) at 35.0+0.2°C. The
mixtures were separated, after shaking of different
time of intervals. Supernatant of each bottles were
properly diluted and adjusted the pH at pH 6.0 using
0.1 M HNO3 or 0.1 M NaOH and UV-vis spectro-
photometer (Model-1800A, Shimadzu, Japan) was
used to measure the absorbance at Ama 530.5 nm to
determine the concentrations of AR1 in solutions
after adsorption. Similarly, concentration of ARL in
initial solution was also determined at same pH 6.0.
Similar Kkinetic experiments were performed using
five different initial concentrations of Acid Red 1
solutions. The amount adsorbed at different contact
times for different initial concentration was calculated
from the following equation,

a.= (G, -C)Vv 1)
w

where, C, = initial concentration of AR1 (mg/L), C; is
the concentration of AR-1 at time t (mg/L), q, is the
amount adsorbed at time t (mg/g). V is the volume of
solution in Liter and W is the mass of adsorbent in g.
Similar Kinetic experiments were carried out at four
different temperature values at constant pH (2.0) for
fixed concentrated solution of 100 mg/L Acid Red 1.
Similar kinetic experiments were also carried out at
different pH values at constant temperature for fixed
concentrated solution of 100 mg/L Acid Red 1.

3. Results and discussion

3.1 Effect of Concentration

The effect of dye concentration on adsorption kinetics
was investigated by performing a series of kinetic
experiments using various concentration of AR1 at
constant temperature, solution pH, adsorbent dose and
agitation rate. The concentration of ARL1 in solution
was decreased with time since AR1 dye adsorbed on
the UBTL surface. The variation of amount adsorbed
of AR1 with contact time for a fixed amount of
adsorbent is increased as shown in Figure 3. The
figure shows that the amount adsorbed is initially
rapidly increased with increase in contact time and
then becomes steady for different initial concentration
of AR1 which is evaluated by different kinetic model
equations as follows:
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Figure 3 Variation of the amount adsorbed of AR1 on UBTL with
time for different initial concentrations at pH 2.0 and at 35.0
+0.2°C.

3.2 Kinetic Modeling on Adsorption Study
Different kinetic model equations such as pseudo first
order, pseudo second order, Elovic model and Intra-
particle diffusion model were applied to the Kinetic
data of dye adsorption onto used black tea leaves to
investigate the dynamics of adsorption process.

3.2.1 Pseudo first order kinetics
The adsorption kinetic data was investigated by
applying pseudo first order kinetic equation given by
Lagergren [22-24]. According to this model, one
active site on surface occupied with one adsorbate
species. The linearized form of the pseudo first order
kinetic equation is expressed as following equation
(2):

In(g, —q,) =Ing, —kt )
where, g, and qg; are the adsorption capacity at
equilibrium and at time t, respectively (mg/g), k; is
the rate constant of pseudo first order adsorption
(L/min). Figure 4 shows that the pseudo first order
kinetic equation as a plot of In(ge-qy) vs t is partially
applicable for the adsorption of low concentrated
AR1 on UBTL but is not applicable for the adsorption
of high concentrated AR1 on UBTL. The values of
regration coefficient (R®) for the applicability of
pseudo first order kinetic equation to the experimental
data are given in Table 1.
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Figure 4 Pseudo first order kinetic plot of the adsorption of AR1 on
UBTL at pH 2.0 and 35.0 £0.2°C for different initial concentrations.

3.2.2 Pseudo second-order kinetics

The pseudo second-order kinetic model describes the
kinetic behavior of adsorption process on solid
surfaces for the liquid—solid system [25-26]. Ho and
McKay's pseudo second order rate equation linearly
expressed as following:

o1t 3)
G kO O
where, g; is the amount adsorbed at time t (mg/g), g
is the equilibrium amount adsorbed (mg/g) and k, is
the pseudo second order rate constant (g/mg~min).
g0

- 2175 mgll
g % 3157 mgll
—{- 88680 mglL

404

301

tig, (min.mg/g)

0 100 200 300 400
Time (min)
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Figure 5 Pseudo second-order kinetic plot of the adsorption of AR1
on UBTL at pH 2.0 and 35.0 +0.2°C for different initial
concentrations.

Ho and McKay's pseudo second order rate equation
(3) was verified by plotting t/q, vs t as shown in
Figure 5. The figure shows that each plot follows the
straight line with the whole range of concentration
indicating the fitness of pseudo second order rate
equation for the adsorption of AR1 on UBTL in both
at low and high concentration of AR1. The values of
regression coefficient (R?) for the fitness of pseudo
second order kinetic equations to the adsorption
kinetics of different concentrated AR1on UBTL at pH
2.0 are given in Table 1. From these straight lines of
each plot the value of equilibrium amount adsorbed,
equilibrium concentration and pseudo second order
rate constant were calculated for different initial
concentrations of AR1 and the values are given in
Table 2.

3.2.3 Elovich model

Recently, several adsorption studies [16, 27] used the
Elovich equation to describe the adsorption Kinetics.
The integrated form of Elovich equation is shown in
Equation (4).

g = %In(aﬂ) +%Int (4)

20
—— 2175 mglL
—&— 3157 mglL
161 -8 93.60 mgL
A
=
2 101
=
5_
04 "/‘
1 2 3 4 5 6 7

30
—& 255789 mag/L &
25 —— 51579 malL
-8 787.72 mglL
—_ *
g 201 L] =
E
& 156+
10+ -
|
5 T T T T T
1 2 3 4 5 G 7

Int

Figure 6 Elovic plot for the adsorption of AR1 on UBTL at pH 2.0
and 35.0 £0.2°C for different initial concentrations.

where, « is the initial adsorption rate (mg/glmin) and
[ is related to the extent of surface coverage and the
activation energy for chemisorption (g/mg). By
applying the above equation (4), the adsorption of
AR1 on UBTL for different initial concentrations
were verified and the plot of g, versus Int in Figure 6
shows that the adsorption of AR1 on UBTL does not
follow the Elovich equation for different initial
concentrations of AR1 at pH 2.0 and at 35+0.2°C.
The values of regration coefficient (R%) for the
applicability of Elovich equation to the experimental
data are given in Table 1.

3.2.4 Intra-particle diffusion model
Weber’s intraparticle diffusion model is widely used
to investigate the diffusion mechanism of adsorption
process [10, 18, 28]. Liner form of the intraparticle
diffusion model is given by equation (5),
1

G = kidtE +C ®)
where, g; is the amount of color adsorbed per gram of
adsorbent, t is the time of uptake, C is the intercept
and kijq is the intraparticle diffusion rate constant
(mg/g min'3). The plot g, versus t? portrayed in
Figure 7 reveals that each of the straight line did not
pass through the origin. From this observation, it can
be said that the intraparticle diffusion model is not the
rate controlling step and other mechanism was
involved in adsorption process. The results are in
agreement with other works [29-30].
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Table 1: A comparison of the data fitness to pseudo first, pseudo
second order, elovic and intra-particle diffusion models.

Initial RZ(-) RZ(-) RZ(-) RZ(-)
concent- pseudo pseudo Elovic Intra-
ration first second model particle
Co order order diffusion
(mg/L) model
21.75 0.969 0.989 0.978 0.964
31.57 0.968 0.741 0.957 0.978
98.60 0.960 0.994 0.977 0.894
255.79 0.306 0.998 0.783 0.519
515.79 0.908 0.999 0.970 0.838
787.72 0.604 0.958 0.912 0.699

The adsorption kinetics of AR1 on UBTL at pH 2.0
can be evaluated by comparing the regression factor
values (given in Table 1) for the fitness of pseudo
first order, pseudo second order, Elovic and Intra-
particle diffusion models. The low values of
regression factor (R?) for the pseudo first order,
Elovic and Intra-particle diffusion models show that
these models poorly fitted the experimental data on
the tested dyes. On the other hand, the pseudo second
order model yielded the highest R® values of all tested
models. For this reason, the pseudo second order was
found to best describe the adsorption process of the
present study.

3.3 Adsorption Isotherm

Adsorption isotherm is very important to predict the
adsorption capacities of the adsorbent at a particular
condition. It describes the interactive behavior of
adsorbate and adsorbent. Adsorption isotherm is the
variation of amounts adsorbed (qge) on the surface of
adsorbent with equilibrium concentration (C,) of
adsorbate at constant temperature. The change of
AR1 adsorbed at equilibrium with respect to
equilibrium concentration of AR1 on UBTL is
presented in Figure 8. In order to analyze the
relationship between g, and C. two model equations
of adsorption such as Langmuir and Freundlich
isotherms were applied to the adsorption of AR1 over
the surface of UBTL.
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Figure 7 Intra-particle diffusion model plots for the adsorption of

AR1 on UBTL at pH 2.0 and 35.0 +0.2°C for different initial
concentrations.
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Figure 8 Adsorption isotherm of AR1 on UBTL at pH 2.0 and at
35.0+0.2°C

3.3.1 Freundlich isotherm

The Freundlich adsorption isotherm is an emperical
equation for the adsorption takes place on a
heterogeneous system as well as multilayer
adsorption mechanism [31]. The linear form of
Freundlich equation is mathematically given by the
equation (6),

logg, = logk, + % logC, (6)

where, C. (mg/L) is the dyes concentration at
equilibrium, g, (mg/g) is the dyes adsorption capacity
at equilibrium, k is the proportionality constant and n
is considered as heterogeneity constant in literature.
The plot of Inge vs InC, is shown in Figure 9 which is
deviate from the straight line suggested failure of the
Freundlich equation for this system.
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Figure 9 Freundlich isotherm for adsorption of AR1 on UBTL at
pH 2.0 and at 35.0£0.2°C

3.3.1 Langmuir isotherm

Langmuir isotherm is derived by assuming the
adsorption takes place on homogeneous surface [31].
The linear form of Langmuir equation is expressed as
equation (7),

Ce_ 1  Ce @)
de dmb dm

where C, (mg/L) is the dyes concentration at
equilibrium, g, (mg/g) is the dyes adsorption capacity
at equilibrium, g, (mg/g) is the maximum adsorption
capacity for complete monolayer and b (L/mg) is the
Langmuir constant related to adsorption equilibrium
constant and the others parameters is previously
described in Langmuir equation. A linear plot of C./q,
against C, at 35.0+0.2°C, calculated from pseudo
second order Kkinetic plots for different initial
concentrations (Fig. 5), presented in Figure 10 which
is unexpected straight line with high value of
regration coefficent (R? = 0.998). Such applicability
of Langmuir equation to the adsorption of other dyes
on heterogeneous surface of UBTL were reported in
our previous studies [20, 21]. Thus the maximum
adsorption capacity of UBTL to AR1 was calculated
from the plot and the value, g, = 30.03 mg/g at pH
2.0.

3.4 Effect of Temperature on Adsorption Kinetics

Temperature is one of the most important controlling
parameter in the adsorption process. The influence of
temperature on adsorption of AR1 on UBTL was
verified in the temperature range 25 to 50 °C with
same initial concentration of dye. The variation of
amount adsorbed with time for different temperatures

251

C.lg, (giL)

10 Siope = 0.0333
= 0.998
5_
0 T T T
0 200 400 600 800
C_(mg/L)

Figure 10 Langmuir isotherm for adsorption of AR1 on UBTL at
pH 2.0 and at 35.0£0.2°C
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Figure 11 Change of the amount adsorbed with time during the
adsorption of AR1 on UBTL at pH 2.0 for different temperatures.
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Figure 12 Variation of equilibrium amount adsorbed with
temperature for adsorption of AR1 on UBTL at pH 2.0.

shown in Figure 11. Amounts adsorbed were
calculated by applying pseudo second order kinetic
plot (Fig. not shown) and its variation with
temperature are presented in Figure 12. The figure
reveals that with increasing temperature the amount
adsorbed  increased, indicating  endothermic
adsorption.

3.5 Thermodynamics of Adsorption

3.5.1 Activation energy of adsorption

With the help of Arrhenius equation (8) [32], the
apparent activation energy of adsorption was
calculated from the pseudo second order rate constant
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obtained at different temperatures.

logk, = — E_‘i‘_ +log A €))

where, E, is the apparent activation energy (kJ/mol),
A is the Arrhenius temperature independent factor, k»
is the pseudo second order rate constant (g/mol-s) and
R is the molar gas constant. The plot of logk, values
at different temperatures against the reciprocal of
absolute temperatures as shown in Figure 13. The
apparent activation energy (E,) of the adsorption was
calculated from the Arrhenius plot (Fig. 13) and the
value was 3.35 kJ/mol, indicated the physical
adsorption of the process. It has been reported that the
value of apparent activation energy for chemisorption
is in the range 65 - 250 kJ/mol [33].

2
1.5
< o o
=] 1
Le) 0 =
i Slope = 0.4025
05 F2=0.041
U T T T T
305 31 315 32 325 33
1T X10? (K™)

Figure 13 Arrhenius plot to determine the apparent activation
energy of adsorption.

3.5.2 Thermodynamic parameters

The wvariation in dye removal efficiency with
temperature can be explained using thermodynamic
parameters such as enthalpy change (AHgs), entropy
change (AS,s) and free energy change (AG,us) [34].
The values AH.4, ASss and AG.s were calculated
with the help of change of equilibrium constants with
temperature [35]. The free energy change of the
adsorption was calculated using equation (9):

AG,, =—RTInK, 9)

where, AG,g;s is the free energy change (kJ/mol), R is
the molar gas constant (8.314 J/mol-K), T is the
absolute temperature and K, states the equilkibrium
constant (= C,Cy) , C, is the equilibrium
concentration of AR1 on UBTL surface (mol/L), C is
the equilibrium concentration of the AR1 in solution
(mol/L). The values of enthalpy change and entropy
change can be calculated from equation (10),

ASa\ds _ AH ads (]_0)

InK. =

R RT
The linear plot of InK; vs 1/T shown in Figure 14
yields the enthalpy (AH,gs) and entropy (AS.gs) values

from the slope and intercept, respectively. The values
of AG,y,, AH.4 and AS,y are listed in Table 2. The
spontaneous nature of AR1 adsorption on UBTL and
the feasibility of the method assured from the
negative value of AG,ys. The positive value of AH,gs
suggested that the adsorption is endothermic in nature.
On the other hand, the positive value of ASg
confirms the increasing randomness at the
solid/solution interface during the adsorption. All the
findings of thermodynamic parameters are in
agreement with earlier research findings [27, 36-38].

35
Slope=-3514
® R*= 0.947
3_
" 2.5
L=
-
2_
-15 T T

305 31 315 32 325 33 335 34
1/Tx 10 (K

Figure 14 A plot of InK; vs 1T for the determination of
thermodynamic parameter during the adsorption of AR1 on UBTL.

Table 2: Adsorption equilibrium constant and thermodynamic
parameters for AR1 adsorption on UBTL at different temperatures

T Ian AHads AGads ASads
(K) 0] (kd/mol)  (kJ/mol) (kJ/{mol-K})
298  2.144 5312 |
303 2518 -6.343 |

+30.05 +0.119
313 2.794 -7.271
318 3.087 -8.162
323 3.094 -8.309

3.6 Impact of pH on Adsorption Kinetics

It is usually recognized that adsorption process and
adsorption capacity may be affected by the pH of dye
solution [39]. Moreover, due to its impact on both the
ionization process of the dye molecule and the surface
binding sites of the adsorbent, the pH of dye solution
is one of the crucial factors in the adsorption process
[40]. The effect of pH on AR1 dye adsorption on
UBTL was studied. Figure 15 shows the variation of
amount adsorbed with time for different solution pH.
The equilibrium amounts adsorbed for different initial
pH of solutions was determined from pseudo second
order kinetics plot. It have shown that the amount of
AR1 adsorbed decreased with increasing pH of the
dye solution from 2.0 to 8.0, presented in Figure 16.

It has been reported that the AR1 dye is dissociated in
an aqueous solution to produce the anion form. As
result, the removal is well accomplished in acidic
condition, due to the electrostatic attraction between
the protonated adsorbent surface and the negative
sulfonated groups of the dissociated dye molecules
[41]. On the other hand, the removal of dye is
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Figure 15 Change of the amount absorbed of AR1 with time for
different pH with initial concentration of 100.0 mg/L at 35.0+0.2°C.
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Figure 16 Variation of equilibrium amount absorbed with pH for
the absorption of AR1 on UBTL at 35.0+0.2°C.

decreased at high pH wvalues because of the
competition with hydroxyl ions that restricted the
oncoming of dye anions [10].

4 Conclusions

Adsorption of AR1 dye on UBTL is influenced by
dye concentration, processing temperature and pH of
solution. Kinetic study of adsorption revealed that the
adsorption of AR1 on follows pseudo second kinetic
equation and equilibrium data follows Langmuir
isotherm. Apparent activation energy of adsorption,
calculated from Arrhenius plot, indicated the physical
adsorption of the process. Additionally, thermody-
namic parameters such as free energy change,
enthalpy change and entropy change suggested that
the adsorption of AR1 on UBTL was spontaneous,
feasible and endothermic in nature. Furthermore, with
increase of solution pH, the equilibrium amount
adsorbed was found to be decreased, indicating
electrostatic interaction dominant the adsorption
process. Finally, this study pointed out that UBTL is a
promising low cost adsorbent for the removal of AR1
dye from aqueous solutions.
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