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a b s t r a c t
The present study aims to explore the adsorption behavior of novel Kahwa tea (Camellia sinensis) 
carbon (KTC) towards its potential application as an adsorbent for the sequestration of Titan yellow 
(TY) dye from an aqueous solution. The maximum adsorption of TY from aqueous solution was 
observed at pH 5, contact time 180 min, initial concentration of dye 100 mg L–1 and temperature 
318 K. The adsorption process follows a pseudo-second-order rate kinetic model and is in good 
agreement with the kinetic data. The equilibrium adsorption data fitted well with the Langmuir 
isotherm model with a maximum monolayer adsorption capacity of 55.55 mg g–1, at 318 K. The ther-
modynamic parameters confirm the endothermic and spontaneous nature of the adsorption process 
with increased randomness. The desorption study predicts the excellent regenerative power of KTC.
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1. Introduction

Azo dyes are a class of colored organic compounds, 
which are extensively used in textile, paper, leather, etc. 
industries [1]. During dye production and coloring of tex-
tile materials, a large quantity of wastewaters containing 
intensive color dyestuffs are accidentally introduced into 
the aquatic systems [2]. The toxicity of azo dyes towards 
humans, birds and animals is well known and all the deriv-
atives of the azo class pose severe health damage to the 
extent of mutagenicity and carcinogenicity [3,4]. Moreover, 
the color intensity of azo dyes is so much fast and intense 
that the presence of even less than 1 ppm of dye is clearly 
visible and considerably influences the water environment 
[1,2,5]. Hence, removal of these colors from wastewater is a 

necessity and various methods have been adopted to eradi-
cate azo dyes from wastewaters.

In the past three decades, physicochemical and bio-
logical methods such as adsorption, precipitation, photo-
catalytic degradation, flotation, ion exchange, oxidation, 
bacterial and fungal biosorption and biodegradation (aero-
bic and anaerobic) have been employed to remove azo dyes 
from wastewaters [6–10]. Amongst multiple approaches 
employed so far for the removal of dyestuffs and other 
pollutants, adsorption has attracted much attention due to 
advantages such as high efficiency, ease of use, low energy 
consumption, and cost-effectiveness [11–18]. Nevertheless, 
some shortcomings have been reported for previous rou-
tine adsorbents, including unacceptable reusability, weak 
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adsorption capacity, and slow adsorption rate, highlight-
ing the need for new adsorbents capable of overcoming 
such weak points [19]. In recent times, intense researches 
are going on to search for eco-friendly, waste material 
adsorbents for wastewater treatment. A green low-cost 
adsorbent not only helps in sustaining the environment 
but also reduces the cost of the treatment. The availabil-
ity of the waste materials in abundance has further led to 
harness many such materials reported elsewhere [20–22].

The present paper is an attempt to eradicate the azo 
dye, ‘Titan yellow’ (TY) using Kahwa tea (Camellia sinensis) 
carbon (KTC). The dye TY is soluble in water and available 
as a slightly brown powder. It is widely used for dyeing 
a variety of textile materials like wool and nylon. The dye 
possesses potent toxicity and causes severe irritations in the 
eyes, skin, digestive tract, and respiratory tract [3,4]. Keeping 
the toxicity of dye in view, it was considered worthwhile to 
develop a systematic research module to eradicate it from 
the wastewater through adsorption over waste material, 
the used Kahwa tea. In the present paper, KTC is obtained 
after pyrolysis of Kahwa tea and used as a potential adsor-
bent for the removal of TY. Literature survey reveals that so 
far KTC has never been employed as an adsorbent for the 
removal of dyes, therefore it is a novel and green potential 
adsorbent for the sequestration of TY dye from wastewater.

Thus the present study focuses on the preparation of 
novel and eco-friendly KTC which has a very high adsorp-
tion capacity for the eradication of TY dye from its aque-
ous solutions. Paper is devoted to examining the effect of 
pH, contact time, initial dye concentration and temperature 
on the adsorption of the dye onto KTC. The experimen-
tal adsorption data have been applied to Langmuir and 
Freundlich isotherm models. The kinetic studies have been 
carried out by using pseudo-first and pseudo-second-order 
models. To enhance the scope of the laboratory-developed 
process to an industrial scale, attempts have also been made 
to remove the bulk amount of dye through adsorption and 
later dye recovery and regeneration of adsorbent was by 
adopting desorption procedures.

2. Materials and methods

2.1. Materials and reagents

Kahwa tea (KT) was procured from the local market. 
Analytical grade hydrochloric acid (HCl) and sodium hydrox-
ide (NaOH) were used. The disodium salt of TY, molecular 
formula C28H19N5Na2O6S4, molecular mass 695.72 g mol−1 and 
λmax 402 nm was procured from M/s Merck, India. The stock 
solution of dye (1,000 mg L–1) was prepared by dissolving 
the required amount of dye in double-distilled water.

2.2. Preparation of KTC

The procured KT was first washed with double dis-
tilled water to remove the adhering dirt and then dried in 
the oven at 80°C. The dried materials were then placed in 
the muffle furnace for 1 h maintained at 750°C. The resul-
tant carbon thus obtained KTC was grounded, sieved (50–
100 mesh size), washed with double distilled water, dried 
out and stored in a desiccator till further use. The specific 
surface area of the KTC has been evaluated as 44.12 m2 g–1.

2.3. Characterization

The elemental analysis and surface morphology of the 
KTC before and after adsorption were examined by scan-
ning electron microscopy (SEM) equipped with an energy- 
dispersive X-ray spectrometer (EDX, Model JSM-6510LV, 
JEOL, Japan). The particle size of KTC was examined by 
high-resolution transmission electron microscope Tecnai G2 
20 (M/s TSS Microscopy, USA). Fourier-transform infrared 
spectroscopy (FTIR) measurements were recorded in the 
range of 400–4,000 cm–1 with a Nicolet iS50 FTIR spectrometer 
(M/s Thermo Fisher, USA) by preparing sample pellets in KBr. 
X-ray diffraction (XRD) pattern was carried out using Bruker 
(USA) AXS D8 Advance X-ray diffractometer Bruker (M/s 
Bruker Corporation, USA) with Cu α radiation (λ = 1.542 Å).

2.4. Batch adsorption experiments

For batch adsorption experiments, 20 mL of TY of known 
initial concentration along with 0.01 g of KTC were taken 
in a series of conical flasks at constant pH and temperature 
and mixtures were thoroughly shaken for a fixed interval 
of contact time. The studies were conducted by varying 
the initial dye concentration, pH, contact time, KTC dos-
age and temperature. The initial pH values of the samples 
were adjusted using dilute HCl and dilute NaOH solutions. 
After treatment of dye solutions with KTC, the samples 
were filtered using Whatman No 1 filter paper and the con-
centration of filtrate samples was then determined using 
UV-Vis spectrophotometer (T70 UV/VIS Spectrometer, M/s 
PG Instruments Ltd., UK) at 402 nm the λmax of TY. The λmax 
402 was measured experimentally and matched with the 
available literature [23]. The amount of dye adsorbed per 
unit mass of the adsorbent qe (mg g–1) and the extent of 
adsorption (%) was calculated using the following equations:
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where Ci and Ce are the initial and final dye concentration 
after adsorption (mg L–1), m is the mass of the adsorbent (g) 
and V is the initial volume of the dye Eq. (l), respectively [24].

2.5. Error analysis

In the non-linear-regression, R2, normalized standard 
deviation (Δq) and χ2 were employed as the judging cri-
teria to compare the experimental and model-predicted 
data. The equivalent mathematical equations reported 
elsewhere [25] are as follows:
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where n represents the number of performed runs, qe,cal is 
the equilibrium capacity obtained by calculation from the 
fitted model (mg g–1). Also, qe,cal is the average of the calcu-
lated uptake and qe,exp is the equilibrium capacity (mg g–1) 
from the experimental data. Smaller amounts of Δq and values 
of χ2 and R2 closer to unity provide better fitting results.

2.5. Desorption and regeneration studies

KTC particles exhausted by the adsorption of the dye 
TY were regenerated and recovery of dye was made using 
0.1 M HCl. The regenerated KTC was reused for the next set 
of adsorption and in this way, several adsorption/desorp-
tion cycles were performed. With the help of adsorbed 
and desorbed dye amounts, the percentage saturation of 
the KTC were evaluated.

3. Results and discussion

3.1. Characterization

3.1.1. SEM and EDX analysis

The SEM images of before and after adsorption of TY dye 
molecules onto the surface of the KTC particle are shown in 
Figs. 1a and b. The SEM image presented in Fig. 1a exhib-
its the highly cross-linked and porous structure of KTC, 
which provides sufficient sites for the adsorption of TY mol-
ecules. The cloudy surface appearance of the SEM image 
(Fig. 1b) confirms the successful adsorption of dye mol-
ecules onto the surface of KTC.

The EDX and elemental analysis of KTC before and after 
treatment of TY dye are shown in Fig. 2 and Table 1, respec-
tively. The EDX of KTC shows the presence of C, O and K, 
while the dye adsorbed KTC exhibits the presence of C, O, K, 
Na and S elements. The presence of Na and S in the TY dye 

adsorbed KTC spectrum further confirms the adsorption of 
TY dye onto the surface of KTC.

3.1.2. FTIR analysis

FTIR spectra of KTC and TY adsorbed KTC are repre-
sented in Fig. 3. The FTIR spectra showed strong broad peak 
at 3,436 cm–1 (O–H stretching), 2,929 cm–1 (C–H stretching), 
1,737 cm–1 (asymmetric –COO stretching), 1,625 cm–1 (sym-
metric –COO stretching), 1,025 cm–1 (stretching vibration of 
C–OH group), 609 cm–1 and 433 cm–1 (C–C–O, C–C–H bend-
ing), respectively. Whereas, the TY loaded adsorbent showed 
peaks at 3,430; 2,923; 1,752; 1,632; 1,019; 644 and 448 cm–1, 
respectively have been also reported elsewhere [26,27]. There 
is shifting of peaks in KTC after being treated with TY dye, 
indicating thereby successful adsorption of the dye onto the 
surface of KTC.

3.2. Effect of pH on adsorption

The pH of the dye solution greatly affects the adsorption 
process by influencing the surface charge of the adsorbent 
and also the degree of ionization of adsorbate dye species. 
The tests for the effect of pH (ranging 2–9) on the adsorp-
tion process were carried out at experimental conditions 
taking dye concentration 20 mg L–1, adsorbent dose 0.01 g, 
contact time 240 min, and temperature 298 K. It can be 
observed from Fig. 4 that the adsorption capacity (qe) first 
increases with increase in pH and reaches to a maximum at 
pH 5.0. After pH 5.0, there is a sharp decrease in adsorp-
tion capacity till pH 9.0. This can be attributed to the fact 
that with the increase in pH of the medium, the charge on 
the surface of the adsorbent changes due to deprotonation 
and an electric double layer is formed around the adsor-
bent, which changes the polarity of the dye molecule and 
consequently the dye uptake increases. After maxima 
are attained, further increase in pH results in a decrease 
in protonation and electrostatic repulsive force becomes 
operative, which thereby retards diffusion and adsorp-
tion. Similar results are also reported elsewhere [28,29]. 
All further experimental studies were carried out at pH 5.0.

 
(a) 

 
(b) (b) 

Fig. 1. SEM micrograph (a) before and (b) after adsorption of Titan yellow dye on Kahwa tea carbon.
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3.3. Effect of contact time and adsorption kinetics

The test for the effect of contact time (ranging 5 to 
750 min) on the adsorption process was monitored by tak-
ing dye concentration 20 mg L–1, adsorbent dosage 0.01 g, 
pH 5 and temperature 298 K. Fig. 5 exhibits that the adsorp-
tion of the dye increases with increasing contact time 
and equilibrium is attained after 180 min. The increase 
in adsorption of the dye in the initial stages is due to the 
high availability of adsorption sites over adsorbents. At 
equilibrium, all the vacant sites have been occupied by the 
dye molecules and a plateau is reached beyond 180 min 
of contact time. Therefore, for all further experimental 
studies contact time of 180 min was selected.

The rate of the adsorption process was investigated using 
pseudo-first and pseudo-second-order kinetic models, as 
expressed by following mathematical expressions Eqs. (6) 
and (7), respectively:
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where qe and qt (mg g–1) are the adsorption capacity at 
equilibrium and time t, k1 (min–1) and k2 (g mg–1 min–1) 
are the pseudo-first and pseudo-second-order rate con-
stants, respectively. The graph for pseudo-first-order was 
plotted between log(qe – qt) vs. t (Fig. 6) and for pseudo- 
second-order rate expression between t/qt vs. t (Fig. 7).

Figs. 6 and 7 clearly indicate that for both the model’s 
straight lines are obtained, however, the value of correla-
tion coefficient (R2) obtained for the pseudo-second-or-
der model is close to unity and higher as compared to the 
pseudo-first-order model. Thus the adsorption of TY over 
KTC is considered to follow pseudo-second-order kinet-
ics. Several other dyes – adsorbent adsorption systems 
also follow a similar trend [30]. Values of rate constants, 
experimental qe, calculated qe, R2 for both the models are  
presented in Table 2.

 

C

 

a 

b 

Fig. 2. EDX micrograph (a) before and (b) after adsorption of 
Titan yellow dye on Kahwa tea carbon.

Fig. 3. FTIR analysis before and after adsorption of Titan yellow 
dye on Kahwa tea carbon.

Fig. 4. Effect of pH on the adsorption of Titan yellow dye on 
Kahwa tea carbon.

Table 1
Elemental analysis of Kahwa tea carbon before and after adsorp-
tion of Titan yellow dye

Elements % Before adsorption % After adsorption

C 78.90 89.66
O 18.97 9.64
Na Nil 0.08
S Nil 0.01
K 2.13 0.60
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3.4. Effect of initial dye concentration and adsorption isotherms

Effect of initial dye concentration (ranging from 20 
to 100 mg L–1) on adsorption process was carried out at 
experimental conditions taking adsorbent dose 0.01 g, 
pH 5, contact time 180 min and temperature 298 K 
(Fig. 8). As observed from Fig. 8, the adsorption capac-
ity increases with increasing initial concentration at all 
temperatures that might be due to the increased con-
centration gradient between the bulk solution and the 
adsorbent surface also reported elsewhere [31].

The equilibrium data for the adsorption of TY over 
KTC was plotted (Fig. 9) and verified using Langmuir and 
Freundlich adsorption isotherm models, as expressed by 
Eqs. (8) and (9), respectively.
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where Ce and qe are the equilibrium concentration (mg L–1) 
and adsorption capacity at equilibrium (mg g–1), b signifies 
the energy of adsorption (L mg g–1), KF (mg g–1)(L mg–1)1/n and 
n is the Freundlich constant related to adsorption capacity 
and adsorption intensity [32–34].

The Langmuir and Freundlich adsorption isotherm 
graphs are shown in Figs. 10 and 11, respectively. Based 
on the high correlation coefficient value (R2), the Langmuir 
isotherm model was found to be the best-fitted isotherm 
with the equilibrium adsorption data (Table 3). The error 
functions (Δq and χ2) of the experimental adsorption 
capacity were also calculated and found minimum in the 
case of the Langmuir isotherm model (Table 3).

3.5. Thermodynamics parameters of adsorption

Thermodynamic parameters like free energy change 
(ΔG°), enthalpy change (ΔH°) and entropy change (ΔS°) for 
the adsorption of TY onto KTC were calculated from the 
following equations:
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where T is the temperature (K), Kc is the distribution coeffi-
cient, Ci is the initial concentration (mg L–1), Ce is the equi-
librium concentration (mg L–1) and R (JK–1 mol–1) is the 
universal gas constant. The thermodynamic parameters ΔH° 
and ΔS° were evaluated from the plot of lnKc vs. 1/T and 
presented in Fig. 12.

The thermodynamic parameters are tabulated in 
Table 4. The positive value of ΔH° and ΔS° for TY demon-
strates that the adsorption onto the KTC is endothermic 
with increased randomness at solid/liquid interface during 

 

)

Fig. 5. Effect of contact time on the adsorption of Titan yellow 
dye on Kahwa tea carbon.

Fig. 6. Verification of pseudo-first-order kinetics on the adsorp-
tion of Titan yellow dye on Kahwa tea carbon.

Fig. 7. Verification of pseudo-second-order kinetics on the 
adsorption of Titan yellow dye on Kahwa tea carbon.
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adsorption [35]. The negative value of ΔG° at all tempera-
tures for TY showed the spontaneous nature of the ongoing 
adsorption [36].

3.6. Desorption and regeneration of adsorbent

As discarding of dye-loaded adsorbent in landfills 
creates pollution. So, it is always desirable to remove the 
dye from the adsorbent after adsorption using the desorp-
tion process. This also provides an opportunity to recover 
the costly dye material and reuse the adsorbent material. 
To carry out the desorption process the dye exhausted 
adsorbent was shaken with 0.1 M HCl solution. The results 
showed that in the first cycle 82% of TY dye was desorbed 
from the dye-loaded adsorbent. The process was repeated 
and good regeneration lasts up to the third cycles (65% 
desorption) without significant loss in adsorption capac-
ity as shown in Fig. 13. Therefore, KTC has been proved to 

be an excellent adsorbent with good regenerative capacity 
for the sequestration of TY dye from an aqueous solution.

4. Conclusions

The undertaken studies clearly indicate that the novel 
and eco-friendly adsorbent KTC can be very effectively 
employed for the removal of TY dye from its aqueous solu-
tions. The material has been characterized using several 
techniques such as SEM, EDX, XRD and FTIR. The SEM 
results show that the material is porous and the involve-
ment of functional groups in the adsorption of TY dye can 
be observed from FTIR spectra. The adsorption process is 
highly influenced by various factors such as contact time, 
initial concentration, dose, temperature and pH. On basis 

Table 2
Kinetic parameters of the adsorption of Titan yellow dye on 
Kahwa tea carbon

Parameter Value

Pseudo-first-order model
k1 (min–1) 0.0092
qe,exp (mg g–1) 7.400
qe,cal (mg g–1) 0.611
R2 0.902
χ2 6.228
Δq 0.094

Pseudo-second-order model

k2 (g mg–1 min–1) 0.0893
qe,exp (mg g–1) 7.400
qe,cal (mg g–1) 7.407
R2 0.995
χ2 0.987
Δq 1.001

 

Fig. 8. Effect of concentration on the adsorption of Titan yel-
low dye on Kahwa tea carbon.

 
Fig. 9. Adsorption isotherm graph for the Titan yellow dye and 
Kahwa tea carbon system.

Table 3
Isotherm parameters of the adsorption of Titan yellow dye on 
Kahwa tea carbon at 30°C

Parameter Value

Langmuir isotherm

qm (mg g–1) 55.55
b (L mg–1) 0.098
R2 0.994
χ2 1.040
Δq 0.094

Freundlich isotherm

KF (mg g–1)(L mg–1)1/n 5.420
n 1.385
R2 0.992
χ2 8.84
Δq 0.145
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of best-fitted plots, results clearly exhibit that ongoing 
adsorption follows Langmuir adsorption isotherm and 
pseudo-second-order models. The thermodynamic param-
eters further reveal the adsorption endothermic, sponta-
neous with increased randomness between solid/solution 
interface. During desorption, in the first cycle, 82% of the 
adsorbed dye could be desorbed by using 0.1 N HCl solu-
tion. Regeneration studies showed that adsorbent can be 
used successfully up to three cycles (65%) without sig-
nificant loss in the adsorption capacity of the KTC.
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