
* Corresponding author.

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2020.26197

203 (2020) 366–378
November

Adsorptive elimination of methylene blue dye from aquatic system using 
biochar produced from cocoa shell

D. Prabua, P. Senthil Kumarb,*, Kilaru Harsha Vardhanb, S. Sathisha, Alan Rajua, 
John Mathewa

aDepartment of Chemical Engineering, Sathyabama Institute of Science and Technology, Chennai – 60019, India, Tel. +91 9840677987; 
email: prabhu.chemical@sathyabama.ac.in (D. Prabu), Tel. +91 9841558768; email: sathish.chemical@sathyabama.ac.in (S. Sathish),  
Tel. +91 7012855212; email: alanraju29@gmail.com (A. Raju), Tel. +91 8129110320; email :johnmathew.gj@gmail.com (J. Mathew) 
bDepartment of Chemical Engineering, SSN College of Engineering, Chennai – 6003110, India, Tel. +91 9884823425;  
emails: senthilkumarp@ssn.edu.in/senthilchem8582@gmail.com (P.S. Kumar), Tel. +91 9444894768; kilaruh@ssn.edu.in (K.H. Vardhan)

Received 14 April 2020; Accepted 2 June 2020

a b s t r a c t
The present research aims to investigate the potential of new biochar prepared from cocoa shell 
(CS), through the chemical modification method [sulfuric acid-modified CS (SMCS)]. The prepared 
material was found to possess an excellent adsorption capacity for the elimination of Methylene 
blue (MB) dye from a polluted environment by experimenting the several operating parameters 
which include initial dye concentration, contact time, solution pH, temperature and adsorbent 
dose. SMCS was characterized using scanning electron microscopy-energy dispersive analysis of 
X-rays, thermo-gravimetric analysis, Fourier transform infrared, and Brunauer–Emmett–Teller 
analysis. The  equilibrium data were best discussed by the Freundlich model. Langmuir model 
capacity was estimated at 163.5 mg/g for MB dye removal. The feasibility and spontaneous activ-
ities of the adsorption process were observed because of the negative values of Gibbs free energy 
obtained for SMCS-MB dye adsorption system. Pseudo-first-order, pseudo-second-order, and 
Elovich kinetic models have been tested for kinetic data of SMCS-MB dye system. Pseudo-first-
order model showed good results for SMCS-MB dye system. Through obtained results, it was 
concluded that the SMCS can act as a potential low cost, environmental friendly, and effective 
adsorbents and which can be employed as an alternative to various commercial adsorbents.
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1. Introduction

Rapid urbanization and industrial growth lead to the 
most critical issue of water contamination because water 
is the most essential nutrient to all living life on the earth. 
Natural wastes and activities done by humans are princi-
pal sources of water contaminants. Dyes were used from 
a long time in many industries, such as pharmaceuticals, 
food, dyestuffs, cosmetics, textile, plastics, and paper. These 
industries generate large amount of colored wastewater 

which is identified as a prime contaminant in the waste-
water [1,2]. It is known that more than 8,000 products are 
associated with the dyeing industry alone, and over 100,000 
commercially available dyes exist with over 7 × 105 metric 
tons of dye stuff produced on annual basis globally [3].

Many dyes are toxic and carcinogenic even at very 
small quantities available in water (less than 1 mg/L for some 
dyes) and pose a serious hazard to aquatic living organ-
isms which are highly visible and undesirable. These dyes 
interfere with the light transmission and disturb the natural 
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metabolism processes causing devastation to the marine 
community in the ecosystem. A cationic dye, Methylene 
blue (MB), which commonly used for dying silk, wood, and 
cotton causes problems of breathing, burning sensation, 
nausea, etc., and eye burning in humans and animals [4,5].

Moreover these pollutants are highly toxic and carcino-
genic towards the human health [6]. There is a great need to 
build up a successful and fitting handling practice to remove 
these dyes from wastewater streams before its discharge in 
the natural environment. There exist numerous difficulties 
in treating this colored wastewater due to its properties such 
as its stability to heat, light, and oxidizing agents, and its 
resistance to aerobic digestion [7]. Numerous predictable 
methods include coagulation precipitation, adsorption, oxi-
dation, and filtration and are not very effective, economical, 
and environmental friendly to obstinate toxic dyes [8–10]. 
However, adsorption procedure is prominently used for 
removing the different coloring compounds [11–13]. In the 
adsorption process, the pollutant is transferred from waste-
water to the adsorbent surface due to the concentration gra-
dient which thereby avoids the exposure of pollutants to the 
living organisms [14,15]. After treatment by adsorption, the 
treated effluents can be released into the environment which 
can be reused by industries that required lower or moderate 
purity water. The spent adsorbents can be regenerated and 
reused after completion of the adsorption process [16,17]. 
The high porous form of material particularly activated 
carbon holds higher adsorption characteristics [18,19]. The 
capability of activated carbon primarily depends on the type 
of organic stuff used in the synthesis of activated carbon 
from physical and chemical activation procedures [19,20]. 
Chemical activation employs the chemicals which include 
H2SO4, H3PO4, K2CO3, KOH, ZnCl2, and NaOH [21].

Cocoa shell (Theobroma cacao) (CS) is a low-cost agri-
culture waste material that can be used as a raw material 
for preparing biochar. According to available literature, a 
study on the removal of dyes from wastewater using bio-
char prepared from cocoa shells has been not reported. In 
this research, the surface-modified cocoa shell (SMCS) bio-
char has been prepared by using sulfuric acid activation 
procedure and the prepared biochar was used to remove 
Methylene blue (MB) dye from aqueous solution. The effect 
of different operating parameters like initial dye concen-
tration, pH, contact time, temperature, and adsorbent dose 
have been studied. The effectiveness of this material was 
characterized by Fourier transform infrared spectroscopy 
(FT-IR), Brunauer–Emmett–Teller (BET), and scanning elec-
tron microscopy-energy dispersive analysis of X-ray (SEM-
EDAX) analyses. The removal of MB dye by SMCS has been 
analyzed through isotherm, kinetic, and thermodynamic 
approach.

2. Materials and methods

2.1. Preparation of SMCS biochar

The biochar was prepared by treating raw cocoa shell 
powder with concentrated H2SO4 of 1:2 ratio by weight and 
the reaction was left for 1  d. The dehydrated cocoa shell 
powder was removed by washing it completely with double 
distilled water to maintain the pH of supernatants constant 

at 7.0. After drying for 3 h at 80°C, it was crushed and sieved 
to 0.354  mm size named as sulphuric acid-modified cocoa 
shell (SMCS) biochar. This obtained adsorbent material was 
kept in a container used for the removal of MB dye from the 
aqueous solutions.

2.2. Preparation of Methylene blue dye solutions

MB dye powder (CI 52015, molecular formula: 
C16H18N3SCl·3H2O, molecular weight: 373.9, λmax = 664 nm) 
supplied by E. Merck (India) was used in the present inves-
tigation. The stock solution (500  mg/L) was prepared by 
dissolving the required quantity of MB dye powder in dou-
ble distilled water. Stock solutions are diluted with dou-
ble distilled water to obtain solutions of various desired 
concentrations (100–500  mg/L) and pH of each of these 
working solutions were adjusted by using 0.1 M NaOH or 
0.1 M HCl.

2.3. Cocoa-shell characterization

The surface area of cocoa shell (CS) was calculated by 
using BET method by adsorption of nitrogen at 77.15  K 
(model: Tristar II; Make: M/s Micrometrics, Norcross, GA, 
USA) and degassing at 423  K in a nitrogen atmosphere 
for 1  h. The morphology characteristics for both raw CS 
and SMCS were obtained using SEM (Make: Zeiss, Model: 
Sigma, Jena, Germany). EDX (Make: Zeiss, Model: Sigma, 
Germany) analysis was done to know the elemental compo-
sition of the prepared adsorbent. FT-IR spectrophotometer 
analysis (Perkin Elmer FTIRC 100566, UK) was performed 
to determine the various functional groups present in the 
adsorbent. The calibration curve was prepared by measur-
ing the absorbance of various concentrations of MB dye 
solutions at λmax = 664 nm using a UV-vis spectrophotometer 
(Shimadzu, Japan) which was used to measure solu-
tion concentration of MB dye. Thermogravimetric anal-
ysis (TGA, make: Netzsch, Model: STA449F3A00 Jupiter, 
Wittelsbacherstr 42, 95100 Selb, Germany) was performed to 
investigate the characteristics of the material such as bound 
moisture and material thermal degradation with tempera-
ture. The measured quantity of ten milligrams of CS adsor-
bents sample was kept in platinum crucibles. Next under 
40 mL/min N2 flow, the sample was subjected to heating by 
10°C/min at a constant rate to 600°C.

2.4. Batch adsorption

Batch experiments on adsorption were carried out by 
altering the different parameters like initial MB dye con-
centration, solution pH, temperature, time, and adsorbent 
dosage. In each set of investigation, accurately weighed 
SMCS was mixed with 100  mL of MB dye solution and 
agitated at 80 rpm in a rotary shaker for about 10–90 min 
and centrifuged later. The supernatants concentration was 
determined from the absorbance of its solution at a charac-
teristic wavelength of 664 nm using a double beam UV-vis 
spectrophotometer. Experiments were performed thrice 
and average values were noted. These experimental data 
were used to calculate the percentage removal of MB dye 
by using Eq. (1):
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where Ce and C0 are respective equilibrium and initial 
concentration (mg/L) of the MB dye solutions.

2.5. Batch equilibrium investigation

Batch equilibrium studies have been experimented by 
adding SMCS dose of 0.3 g to each conical flask consisting 
of 100 mL MB dye solution of various initial concentrations 
(100–500 mg/L) at 30°C. The flasks were agitated at 80 rpm in 
a rotary shaker for about 1 h. Experiments were conducted 
thrice and average of the values was noted. The quantity of 
MB dye adsorbed at equilibrium time, qe was calculated using 
the following expression.
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where qe is adsorption capacity at equilibrium (mg/g), V is 
MB dye solution volume, and m is adsorbent mass (g).

2.6. Equilibrium experiments

Langmuir [22], Freundlich [23], Langmuir–Freundlich, 
and Sips model [24] are four prominent isotherms used for 
testing adsorption equilibrium data to find the adsorption 
characteristics of SMCS for MB dye removal. Nonlinear 
regression analysis has been carried out by using MATLAB 
R2009a software to calculate the parameters, constants, coef-
ficient of correlation (R2), and error values. The results of this 
analysis were used to determine the best adsorption isotherm 
models for the acquired equilibrium curve.
The Langmuir isotherm model is given as:

q
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where KL is Langmuir constant related to the affinity of MB 
dye to adsorbent (L/mg) and qm is maximum monolayer 
adsorption capacity (mg/g).

The Freundlich model is given as:

q K Ce F e
n= 1/ 	 (4)

where KF is Freundlich constant ((mg/g) (L/mg)1/n) used to 
measure adsorption capacity and n is Freundlich exponent 
which is used to measure the intensity of adsorption. The 
outcome of n is given as follows: n = 1 (linear); n < 1 (physical 
process); n > 1 (chemical process).

Langmuir–Freundlich model is given as:
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where qe is adsorbed amount at equilibrium (mg/g), qmLF 
is Langmuir–Freundlich maximum adsorption capacity 
(mg/g), Ce is adsorbate equilibrium concentration (mg/L), KLF 

is equilibrium constant for a heterogeneous solid, and mLF is 
heterogeneity parameter which lies between 0 and 1.

Sips model is given as:
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where αS is Sips isotherm constant, KS is Sips model constant, 
and βS is Sips model exponent. The outcome of βS is given as 
follows: βS = 1 (homogeneous binding sites); βS > 1 (heteroge-
neous adsorption system).

2.6. Kinetics studies

Adsorption kinetic experiments were performed at 30°C 
with 100 mL MB dye solution of various initial concentra-
tions (100–500 mg/L) and 0.3 g dosage of SMCS in 250 mL 
conical flasks. The mixture was shaken constantly and the 
test samples were drawn at set time intervals and filtered 
for analyzing the residual concentration of MB dye. The 
experiments were performed thrice and the average values 
were noted. The amount of MB dye adsorbed at time t, qt was 
calculated using the following expression:

q
C C V
mt

t=
−( )0 	 (7)

where Ct is concentration of MB dye measured at time 
interval t (mg/L) and qt is adsorption capacity of adsorbent 
at any time t (mg/g).

The kinetic data were plotted using pseudo-first-order 
[25], pseudo-second-order [26], and Elovich kinetic [27] mod-
els to examine the removal kinetics of MB dye from aqueous 
solution using SMCS.

Pseudo-first-order model:

q q k tt e= − −( )( )1 1exp 	 (8)

Pseudo-second-order model:
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Elovich model:

q tt E E E= + +( )ln( )1 1β α β 	 (10)

where k1 is pseudo-first-order constant (1/min), k2 is pseudo-
second-order constant (g/mg min), βE (g/mg) is constant of 
desorption, and αE is the rate of adsorption at initial (mg/
(g min)).

2.7. Analysis of thermodynamics

Gibbs free energy (∆G°), enthalpy (∆H°), and entropy 
(∆S°) are thermodynamic parameters and which can be esti-
mated from the following expressions:

K
C
Cc
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= Ae 	 (11)



369D. Prabu et al. / Desalination and Water Treatment 203 (2020) 366–378

∆G RT Kc° = − ( )ln 	 (12)

∆ ∆ ∆G H T S° = ° − ° 	 (13)

log
. .

K S
R

H
RTc =

°
−

°∆ ∆
2 303 2 303

	 (14)

where Kc is constant of equilibrium, CAe is the equilibrium 
quantity of MB dye available on the surface of adsorbent 
per volume of solution (mg/L), T is the temperature (K), and 
R is gas constant (8.314 J/mol/K).

3. Results and discussion

3.1. Cocoa-shell characterization

Scanning electron microscopy (SEM) illustrates the 
structure of the surface and porous morphology of adsor-
bent material (SMCS). The surface consistency of virgin 
cocoa shell without pre-treatment was found to be smooth, 
uneven, and swelling having cracks and pits Fig. 1. The 
vesicles and spaces within this micrograph show no pores, 
and large holes with the poorly developed pores [28]. On 
the other hand, virgin cocoa shell treated with sulfuric acid 
Fig. 2 (SMCS), shows various pores on its exterior surface 
with enhanced surface characteristics containing uniform 
pore size distribution [29]. Fig. 2 shows uneven pores spread 
of various sizes formed due to sulfuric acid treatment on 
the raw cocoa shell and indicates SMCS bio-adsorbents 
has a more sufficient surface morphology for adsorption of 
MB dye. EDX analysis (Figs. 1 and 2) was reported that the 
maximum carbon yield of 68.38% was achieved for SMCS 
biochar which is 16% higher than the carbon in raw CS. 
Increased carbonaceous content of the adsorbent indicates 
that it will possess a greater adsorption capacity.

Thermogravimetric analysis (TGA) is a thermal anal-
ysis that measures the changes in properties of adsorbent 
materials as a function of temperature increment (heating 
rate is kept as constant). Otherwise, the changes in material 
property were observed as a function of time (kept tempera-
ture as constant or loss of mass is kept as constant). The deg-
radation levels of SMCS were investigated and the weight 
loss percentage was measured as 23.72% and it was endure 
till 870°C. Fig. 3 shows the decomposition of SMCS with an 
increase in temperature. It is evident that SMCS was more 
firm under higher temperatures.

The analysis of FT-IR spectra is shown in Fig. 4 for raw 
and SMCS in a range of 400–4,000  cm–1. The results indi-
cate presence of numerous functional groups on the SMCS 
before the adsorption process. The peak at 3,287.81 cm–1 cor-
responds to O–H stretching vibration and the presence of 
alkanes group and aldehydes group are indicated by C–H 
bond vibration between 2,914.43 and 2,850.67  cm–1 [30,31]. 
This may be due to the stretching of C–H bond in cellulose 
and hemicellulose. The peak at 1,602.76  cm–1 could be of 
C–C stretch (in–ring) and peak at 1,316.16 cm–1 correspond-
ing to C–O stretch. The peak at 1,245.27 cm–1 is due to C–N 
stretch and the peaks at 895.74 cm–1 could be assigned to the 
C–H groups. The peaks at 810.52 cm–1 showed the presence 
of C–H groups which concludes the presence of sufficient 

functional groups on adsorbent surface SMCS for removal of 
MB dye from aqueous solution.

Generally, the adsorption capacity of the adsorbent was 
found to be high because of the larger surface area of the 
adsorbent [32]. BET analysis provides precise specific surface 
area assessment of materials yielding important information 
in studying the effects of surface porosity and particle size 
by nitrogen multilayer adsorption measured as a function of 
relative pressure. In the present study, Figs. 5a and b show 
average monolayer capacity for methylene blue adsorption 
on SMCS is 163.5  mg/g and cross-sectional area of dye is 
0.1620 nm2, and the specific surface area of the adsorbent was 
found to be 1.4325  m2/g. Thus, SMCS has more larger sur-
face area compared to that of the number of other adsorbents, 
such as Macor heimulis (0.3129 m2/g) [33], egg shell (1.20 m2/g) 
[34], but less than that of some others work using activated 
carbon from Enteroporpha prolifera (ACEP) (683 m2/g) [35] and 
activated carbon felt (1,112 m2/g) [36].

3.2. Adsorbent amount influence

The batch experiments on the influence of adsorbent 
amount on MB dye removal by SMCS are shown in Fig. 6. 
The elimination of MB dye was increased with increase in 
SMCS dosage and it was reached the maximum at 3 g/L and 
after that, the constant removal was observed. Enhancement 
of dye removal at higher dosage was due to the increase 
in SMCS surface area and active sites which leads to more 
adsorption sites [37].

3.3. pH influence

The pH plays an important role in the adsorption pro-
cess because the adsorption process was highly influenced 
based on the solution pH. The experiments were carried at 
different solution pH (2.0–10.0) on the removal of MB dye 
from its aqueous solution with SMCS and its outcomes are 
shown in Fig. 7. The increment on the removal of MB dye 
was observed with an increase in solution pH till 8.0 and 
remains almost a constant afterwards. The acidic condi-
tion of the adsorption system indicates that the hydronium 
ions in the solution have been adsorbed onto the adsorbent 
surface which results in acquiring the positive charges on 
the adsorbent surface. This positive charge on the adsor-
bent surface avoids the separation of MB dye molecules 
from aqueous solution by the adsorbent because of the 
electrostatic repulsion between the adsorbent surface and 
MB dye molecules. The pH of the solution was increased 
with an increase in the negatively charged adsorbent sur-
face which leads to an increase in the separation of MB 
dye molecules by the adsorbent because of the electrostatic 
attraction between the MB dye and adsorbent surface [37]. A 
small removal of dye molecules by adsorbent was observed 
when the pH was increased from 8.0 to 10.0. The pH results 
observed that the solution pH of 8.0 was identified as a 
possible solution pH for the SMCS-MB dye system.

3.4. Influence of dye concentration

The different initial concentration (100–500 mg/L) influ-
ences on the removal of dye by the adsorbents have been 
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experimented and the results are given in Fig. 8. The impor-
tance of this study is to verify the adsorbent ability for the 
different initial dye concentrations. The results observed that 
the reduction in the removal of MB dye with increase of MB 
dye concentration. The highest removal of dye was achieved 

at lesser dye concentration because of the higher ratio of 
adsorbent sites to the number of dye molecules and lesser 
removal of dye was achieved at higher dye concentration 
because of the lesser ratio of adsorbent sites to the number of 
dye molecules [38].

Fig. 1. SEM-EDX image of virgin cocoa shell.
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Fig. 2. SEM-EDX image of sulfuric acid modified cocoa shell (SMCS).



D. Prabu et al. / Desalination and Water Treatment 203 (2020) 366–378372

3.5. Contact time influence

Fig. 9 shows the influence of contact time on the separa-
tion of MB dye from the aquatic system by SMCS. The contact 
time plays an essential role in the adsorption of dye mole-
cules because it decides the proper residential time required 
between the adsorbent and adsorbate in an adsorption sys-
tem. The results explain that the dye removal was increased 
with an increase in time of contact and it reaches almost 
maximum removal at 60 min. Lower residential time leads to 
lower adsorption and higher residential time leads to maxi-
mum adsorption [39].

3.6. Temperature influence

The temperature influence on the adsorption process is 
important because the adsorption capacity may increase or 
decrease due to the nature of the adsorption process. Fig. 10 
shows the influence of temperature on the separation of dye 
molecules of different initial MB dye concentrations (100–
500 mg/L) by SMCS. The result explains that the decrease 

in the elimination of dye was achieved with an increase in 
temperature and adsorption phenomena followed the exo-
thermic process. This may be because of the decline in activ-
ity of the adsorbent with temperature increment [40,41]. 
The highest dye elimination was achieved at 30°C.

3.7. Equilibrium analysis

Adsorption isotherms are vital for adsorber design. It 
explains the concept of the distribution of dye molecules 
between the adsorbent surface (qe) and in the aqueous solu-
tion (Ce) at an equilibrium condition. Adsorption equilibrium 
studies have been experimented to explain the adsorption 
behavior, predicting the possible removal mechanism and 
to estimate the adsorption capacity. The isotherm explains 
that the equilibrium adsorption capacity of the adsorbent 
was increased with an increase in equilibrium concentra-
tion of dye in solution. The adsorption equilibrium data was 
applied with Langmuir, Freundlich, Langmuir–Freundlich, 
and Sips models, and the outcomes are presented in Fig. 11. 

Fig. 3. TGA curve of SMCS.

Fig. 4. FT-IR spectrum of cocoa shell.
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The monolayer adsorption capacity (qm), Langmuir constant 
(KL), Freundlich constants, (KL and n), Langmuir–Freundlich 
constants (KLF, mLF, qLF), and Sips model constant (KS and aS 
and bS) have been estimated from the non-linear isotherm 
plot of Ce vs. qe. Table 1 showed the estimated parameters 
of isotherm models, correlation coefficient (R2), root mean 
squared error (RMSE), and sum of squared error (SSE) 
values from the isotherm plots (Fig. 11). Langmuir model 
informs that the interaction between the dye and the adsor-
bent was due to monolayer adsorption behavior. Freundlich 
model showed higher R2 value as compared to other iso-
therm models which inform that the adsorbent possessed 
the heterogeneous adsorbent surface and the interaction 

between the dye and adsorbent was of multilayer adsorp-
tion [42,43]. Table 1 showed that the Freundlich model is a 
suitable model to demonstrate the adsorption equilibrium 
for SMCS for the different initial dye concentrations. The 
Freundlich model provides a high value of R2 (0.9857) and 
error values (SSE  =  130.7 and RMSE  =  6.6) for SMCS was 
found to be low as compared to other model error values.

3.8. Kinetics and removal mechanism

The removal rate of dye molecules from aquatic system 
and its removal mechanism was explained with adsorp-
tion kinetics. The removal kinetics was best addressed with 

Fig. 5. BET surface area report of SMCS.
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pseudo-first-order, pseudo-second-order, and Elovich kinetic 
models. The results on the removal kinetics for SMCS-MB 
dye systems have been displayed in Fig. 12. Table 2 shows 
the estimated parameters of kinetics models, R2, RMSE, and 
SSE values from the kinetics plots (Fig. 12). The equilib-
rium adsorption capacity was estimated from experimental 

data using the mass balance equation and it is reported in 
Table 2. The removal kinetic data was applied to the kinetic 
models and the model predicted equilibrium adsorption 
capacities of SMCS have been reported in Table 2. While 
comparing these two equilibrium adsorption capacity val-
ues, the pseudo-first-order model showed the closest val-
ues as compared to the pseudo-second-order model. This 
showed the pseudo-first-order model is a most preferable 
model for SMCS-MB dye system. This was further confirms 
that the larger R2 values and least error values have been 
observed for the pseudo-first-order model as compared to 
other kinetic models. The chemical adsorption principles can 

Fig. 6. Effect of adsorbent dose on MB dye adsorption by SMCS 
(MB dye concentration = 100 mg/L, solution pH = 8.0, equilibrium 
time = 60 min, and temperature = 30°C). Fig. 9. Effect of contact time on MB dye removal by SMCS (ini-

tial MB dye concentration  =  100–500  mg/L, pH  =  8.0, SMCS 
dose = 3 g/L, volume = 100 mL, and temperature = 30°C).

Fig. 7. Effect of pH on MB dye removal by SMCS (initial MB 
dye concentration = 100 mg/L, SMCS dose = 3 g/L, time = 60 min 
for SMCS, volume = 100 mL, and temperature = 30°C).

Fig. 8. Effect of initial MB dye concentration on MB dye removal 
by SMCS (pH  =  8.0, SMCS dose  =  3  g/L, time  =  60  min for 
SMCS, volume = 100 mL, and temperature = 30°C).

Table 1
Evaluated adsorption isotherm parameters for MB dye removal 
by SMCS

Adsorption isotherm 
model

Parameters Values R2

Langmuir qm (mg/g) 163.5

0.8719
KL (L/mg) 0.2275
SSE 1,170
RMSE 19.75

Freundlich KF ((mg/g) (L/mg)(1/n))) 56.95

0.9857
n (g/L) 3.721
SSE 130.7
RMSE 6.6

Langmuir-Freundlich KLF 9.605

0.9837
mLF 0.2684
qLF 2,472
SSE 149.2
RMSE 7.053

Sips αS 12.12

0.9441
βS 1.136
kS 722.6
SSE 510.3
RMSE 13.04
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be best explained by the Elovich model and which informs 
that the adsorbent possessed heterogeneous surface [44]. 
The Elovich model parameters and other related values have 
been given in Table 2. For the SMCS-MB dye system, the 
Elovich model doesn’t fit well as compared to other models 
based on errors and R2 values. Overall, the kinetic results con-
firm that the elimination of MB dye by SMCS was followed 
pseudo-first-order model.

3.9. Thermodynamic analysis

The thermodynamic parameters for the SMCS-MB dye 
system have been evaluated from the logKc vs. 1/T plots 
(Fig. 13) and the obtained results are given in Table 3. The 
Gibbs free energy values for the studied system were esti-
mated as negative and which informs that the adsorption 
process was feasible. The negative values of changes in 
enthalpy (∆H°) and entropy (∆S°) indicate that adsorp-
tion was exothermic and enthalpy driven indicating its 
phenomenon as the effect of physical adsorption through 
electrostatic interaction [45,46]. The predicted adsorption 

thermodynamic parameters indicate that the adsorption is 
more favorable at 30°C.

4. Conclusion

The biochar was produced from the raw cocoa shell by 
treating it with sulphuric acid which leads to receiving the 
greater adsorption capacity toward the MB dye. The best 
possible operating conditions on the maximum removal of 
MB dye by adsorbent were observed as (i) optimum adsor-
bent dose of 3 g/L, (ii) contact time of 60 min, (iii) optimum 
pH of 8.0, and (iv) temperature at 30°C. Adsorption isotherm 
and kinetic models have been tested for the adsorption data 
using non-linear method of approach. Isotherm results 
showed that the Freundlich model explained the adsorption 
system well and confirms that the adsorbent possessed het-
erogeneous adsorbent surface. Langmuir adsorption capac-
ity of the SMCS for MB dye was estimated as 163.5 mg/g at 
optimum conditions. Kinetic results showed that pseudo-
first-order provided good results for SMCS-MB dye adsorp-
tion process. Exothermic nature of adsorption was identified 
for the SMCS-MB dye system because of the decrease of dye 

Fig. 10. Effect of temperature on MB dye removal by SMCS 
(initial MB dye concentration = 100–500 mg/L, pH = 8.0, SMCS 
dose = 3 g/L, and time = 60 min).

Fig. 11. Adsorption isotherm for the removal of MB dye by 
SMCS.

Table 2
Evaluated kinetic parameters for MB dye removal by SMCS

Kinetic models Parameters Concentration of MB dye Solution (mg/L)

100 200 300 400 500

qe,exp (mg/g) 33.33 65.87 97.55 127.41 160.75
Pseudo-first-order k1 (1/min) 0.0376 0.02887 0.02501 0.02094 0.0194

qe,cal (mg/g) 36.75 75.02 115.4 160.8 175.3
R2 0.9799 0.9745 0.9745 0.9642 0.985

Pseudo-second-order k2 (g/mg/min) 0.0005721 0.0002226 0.0001129 0.000005 0.000125
qe,cal (mg/g) 49.52 104.6 167.1 243.8 234
R2 0.965 0.9603 0.9631 0.955 0.9735

Elovich kinetic model α (mg/g min) 0.02215 0.006441 0.002656 0.001152 0.00453
β (g/mg) 5.387 13.41 23.52 37.44 28.54
R2 0.9421 0.9453 0.9515 0.9461 0.9604
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Fig. 12. Adsorption kinetics for the removal of MB dye by SMCS (MB dye concentration = 100–500 mg/L, volume of sample = 100 mL, 
and adsorbent dose = 3 g/L).
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removal with an increase in temperature. This was further 
confirmed with a negative value of enthalpy change. The dye 
removal was identified as a feasible and enthalpy driven pro-
cess. From these observations, it can be concluded that SMCS 
is very effective and economical adsorbent for the elimina-
tion of dye from water and wastewater.

References
[1]	 K.G. Pavithra, P.S. Kumar, V. Jaikumar, P.S. Rajan, Removal of 

colorants from wastewater: a review on sources and treatment 
strategies, J. Ind. Eng. Chem., 75 (2019) 1–19.

[2]	 D. Sivakumar, R. Parthiban, P.S. Kumar, A. Saravanan, Synthesis 
and characterization of ultrasonic-assisted Delonix regia seeds: 
modelling and application in dye adsorption, Desal. Water 
Treat., 173 (2020) 427–441.

[3]	 J.W. Lee, S.P. Choi, R. Thiruvenkatachari, W.G. Shim, H. Moon, 
Evaluation of the performance of adsorption and coagulation 
processes for the maximum removal of reactive dyes, Dyes 
Pigm., 69 (2006)196–203.

[4]	 J. Gülen, F. Zorbay, Methylene blue adsorption on a low cost 
adsorbent-carbonized peanut shell, Water Environ. Res., 
89 (2017) 805–816.

[5]	 J. Gülen, M. Iskeceli, Removal of methylene blue by using 
porous carbon adsorbent prepared from carbonized chestnut 
shell, Mater. Testing, 59 (2017) 188–194.

[6]	 P.S. Kumar, P.S.A. Fernando, R.T. Ahmed, R. Srinath, 
M. Priyadharshini, A.M. Vignesh, A. Thanjiappan, Effect of 
temperature on the adsorption of methylene blue dye onto 
sulfuric acid–treated orange peel, Chem. Eng. Commun., 
201 (2014) 1526–1547.

[7]	 J.I. Kroschwitz, M. Howe-Grant, A review of: “Kirk-Othmer 
Encyclopedia of Chemical Technology,” John Wiley, New York, 
NY, 1993.

[8]	 A. Saravanan, P.S. Kumar, P.R. Yaashikaa, S. Kanmani, 
R.H. Varthine, C.M.M. Muthu, D. Yuvaraj, Modelling on the 
removal of dye from industrial wastewater using surface 
improved Enteromorpha intestinalis, Environ. Res., 13 (2019) 
349–366.

[9]	 P.S. Kumar, R. Sivaranjanee, U. Vinothini, M. Raghavi, 
K. Rajasekar, K. Ramakrishnan, Adsorption of dye onto raw 
and surface modified tamarind seeds: isotherms, process 
design, kinetics and mechanism, Desal. Water Treat., 52 (2014) 
2620–2633.

[10]	 P.S. Kumar, J. Pavithra, S. Suriya, M. Ramesh, K.A. Kumar, 
Sargassum wightii, a marine alga is the source for the production 
of algal oil, bio-oil, and application in the dye wastewater 
treatment, Desal. Water Treat., 55 (2015) 1342–1358.

[11]	 A. Saravanan, S. Karishma, S. Jeevanantham, S. Jeyasri, 
A.R. Kiruthika, P.S. Kumar, P.R. Yaashikaa, Optimization and 
modeling of reactive yellow adsorption by surface modified 
Delonix regia seed: study of nonlinear isotherm and kinetic 
parameters, Surf. Interfaces, 20 (2020) 100520.

[12]	 P.S. Kumar, S.J. Varjani, S. Suganya, Treatment of dye wastewater 
using an ultrasonic aided nanoparticle stacked activated carbon: 
kinetic and isotherm modelling, Bioresour. Technol., 250 (2018) 
716–722.

[13]	 C. Senthamarai, P.S. Kumar, M. Priyadharshini, P. Vijayalakshmi, 
V.V. Kumar, P. Baskaralingam, K.V. Thiruvengadaravi, S. Siva
nesan, Adsorption behavior of methylene blue dye onto surface 
modified Strychnos potatorum seeds, Environ. Prog. Sustainable 
Energy, 32 (2013) 624–632.

[14]	 V. Tharaneedhar, P.S. Kumar, A. Saravanan, C. Ravikumar, 
V. Jaikumar, Prediction and interpretation of adsorption 
parameters for the sequestration of methylene blue dye from 
aqueous solution using microwave assisted corncob activated 
carbon, Sustainable Mater. Technol., 11 (2017) 1–11.

[15]	 S. Suganya, P.S. Kumar, A. Saravanan, P.S. Rajan, C. Ravikumar, 
Computation of adsorption parameters for the removal of dye 

Table 3
Evaluated thermodynamic parameters for MB dye removal by SMCS

Initial MB dye 
Conc. (mg/L) 

∆H° (J/mol) ∆S° (J/mol/K) ∆G° (J/mol)
30°C 40°C 50°C 60°C

100 –124,322.4 –354.05 –19,356.6 –10,143.6 –9,206.66 –8,219.04
200 –53,914.52 –142.97 –11,023.6 –8,574 –7,511.45 –6,681.52
300 –31,112.19 –73.00 –9,093.05 –8,154.01 –7,413.89 –6,925.68
400 –24,611.47 –56.21 –7,651.32 –6,948.39 –6,335.5 –3,989.68
500 –14,651.58 –27.64 –6,201.62 –6,047.85 –5,870.18 –5,323.38

Fig. 13. Thermodynamic analysis of the removal of MB by SMCS.



D. Prabu et al. / Desalination and Water Treatment 203 (2020) 366–378378

from wastewater by microwave assisted sawdust: theoretical 
and experimental analysis, Environ. Toxicol. Pharmacol., 
50 (2017) 45–57.

[16]	 L.D. Prola, F.M. Machado, C.P. Bergmann, F.E. De Souza, 
C.R. Gally, E.C. Lima, M.A. Adebayo, S.L. Dias, T. Calvete, 
Adsorption of Direct blue 53 dye from aqueous solutions 
by multi-walled carbon nanotubes and activated carbon, 
J. Environ. Manage., 130 (2013)166–175.

[17]	 L.D.T. Prola, E.C. Acayanka, C.S. Lima, C.S. Umpierres, 
J.C.P. Vaghetti, W.O. Santios, S. Laminsi, P.T. Djifon, Comparison 
of Jatropha curcas shells in natural form and treated by non-
thermal plasma as biosorbents for removal of Reactive red 120 
textile dye from aqueous solution, Ind. Crop. Prod., 46 (2013) 
328–340.

[18]	 S. Suganya, P.S. Kumar, Kinetic and thermodynamic analysis 
for the redemption of effluents containing Solochrome black 
T onto powdered activated carbon: a validation of new solid-
liquid phase equilibrium model, J. Mol. Liq., 259 (2018) 88–101.

[19]	 F.R. Reinoso, A.S. Escribano, Porous Carbons in Adsorption 
and Catalysis, H.S. Nalwa, Ed., Handbook of Surfaces and 
Interfaces of Materials, Vol. 5, Biomolecules, Biointerfaces, and 
Applications, Academic Press, Oxford, 2001.

[20]	 T. Calvete, E.C. Lima, N.F. Cardoso, J.C.P. Vaghetti, S.L.P. Dias, 
F.A. Pavan, Application of carbon adsorbents prepared from 
Brazilian-pine fruit shell for the removal of reactive orange 16 
from aqueous solution: kinetic, equilibrium, and thermodynamic 
studies, J. Environ. Manage., 91 (2012) 1695–1706.

[21]	 L. Lin, S.R. Zhai, Z.Y. Xiao, Q.D. An, X.W. Song, Dye adsorption 
of mesoporous activated carbons produced from NaOH-
pretreated rice husks, Bioresour. Technol., 136 (2013) 437–443.

[22]	 I. Langmuir, The adsorption of gases on plane surfaces of glass, 
mica and platinum, J. Am. Chem. Soc., 40 (1918) 1361–1403.

[23]	 M.M.F. Freundlich, Over the adsorption in solution, J. Phys. 
Chem., 57 (1906) 385–470.

[24]	 R. Sips, Structure of a catalyst surface, J. Chem. Phys., 16 (1948) 
490–495.

[25]	 S. Lagergren, About the theory of so-called adsorption of 
soluble substances, Kungl. Svens. Vetensk. Handl., 24 (1898) 
1–39.

[26]	 Y.S. Ho, G. MaKay, Pseudo-second-order model for sorption 
processes, Process Biochem., 34 (1999) 451–465.

[27]	 J. Kazmierczak-Razna, P. Nowicki, M. Wisniewska, A. Nosal-
Wiercinska, R. Pietrzak, Thermal and physicochemical pro
perties of phosphorus-containing activated carbons obtained 
from biomass, J. Taiwan Inst. Chem. Eng., 8 (2017) 1006–1013.

[28]	 V.R. Kinhikar, Removal of nickel(II) from aqueous solutions by 
adsorption with granular activated carbon (GAC), Res. J. Chem. 
Sci., 2 (2012) 6–11.

[29]	 O. Hernandez-Melendez, J. Peydecastaing, E. Barzana, 
C. Vaca-Garcia, M. Hernandez-Luna, M.E. Borredon, Graft 
polymerization of wood sawdust and peat with ethylene 
carbonate. A novel method for the preparation of supports with 
enhanced mechanical properties to be used in biofiltration of 
organic vapors, Bioresour. Technol., 100 (2009) 737–743.

[30]	 K. Nibedita, C. Vidhi, K.B. Anil, Bionanowhiskers from jute: 
preparation and characterization, Carbohydr. Polym., 92 (2013) 
1116–1123. 

[31]	 M.E.S. Mirghani, Y.B. Che Man, A new method for determining 
Gossypol in cottonseed oil by FTIR spectroscopy, J. Am. Oil 
Chem. Soc., 80 (2003) 625–628.

[32]	 S. Chakravarty, A. Mohanty, T.N. Sudha, A.K. Upadhyay, 
J. Konar, J.K. Sircar, A. Madhukar, K.K. Gupta, Removal of 
Pb(II) ions from aqueous solution by adsorption using bael 
leaves (Aegle marmelos), J. Hazard. Mater., 173 (2010) 502–509.

[33]	 U.J. Etim, S.A. Umoren, U.M. Eduok, Coconut coir dust as a low 
cost adsorbent for the removal of cationic dye from aqueous 
solution, J. Saudi Chem. Soc., 9 (2012) 12–18.

[34]	 M.H. Ehrampoush, G. Ghanizadeh, M.T. Ghaneian, Equilibrium 
and kinetics study of Reactive red 123 dye removal from 
aqueous solution by adsorption on eggshell, Iran. J. Environ. 
Health Sci. Eng., 8 (2011) 101–108.

[35]	 D. Sun, Z. Zhang, M. Wang, Y. Wu, Adsorption of reactive dyes 
on activated carbon developed from Enteromorpha prolifera, Am. 
J. Anal. Chem., 4 (2013) 17–26.

[36]	 D. Lucio, D. Laurent, G. Roger, Adsorption of remazol black dye 
on activated carbon felt, Carbon Sci. Technol., 1 (2008) 66–71.

[37]	 G. Manikandan, P.S. Kumar, A. Saravanan, Modelling and 
analysis on the removal of methylene blue dye from aqueous 
solution using physically/chemically modified Ceiba pentandra 
seeds, J. Ind. Eng. Chem., 62 (2018) 446–461.

[38]	 A.A. Renita, P.S. Kumar, S.A. Jabasingh, Redemption of acid 
fuchsin dye from wastewater using de-oiled biomass: kinetics 
and isotherm analysis, Bioresour. Technol. Rep., 7 (2019), doi: 
10.1016/j.biteb.2019.100300.

[39]	 P.S. Kumar, S. Ramalingam, C. Senthamarai, M. Niranjanaa, 
P. Vijayalakshmi, S. Sivanesan, Adsorption of dye from aqueous 
solution by cashew nut shell: studies on equilibrium isotherm, 
kinetics and thermodynamics of interactions, Desalination, 
261 (2010) 52–60.

[40]	 P.S. Kumar, S. Ramalingam, K. Sathishkumar, Removal of 
methylene blue dye from aqueous solution by activated carbon 
prepared from cashew nut shell as a new low-cost adsorbent, 
Korean J. Chem. Eng., 28 (2011) 149–155.

[41]	 B.H. Hameed, I.A.W. Tan, A.L. Ahmad, Adsorption isotherm, 
kinetic modeling and mechanism of 2,4,6-trichlorophenol on 
coconut husk-based activated carbon, Chem. Eng. J., 144 (2008) 
235–244.

[42]	 M. Naushad, A.A. Alqadami, Z.A. AlOthman, I.H. Alsohaimi, 
M.S. Algamdi, A.M. Aldawsari, Adsorption kinetics, isotherm 
and reusability studies for the removal of cationic dye from 
aqueous medium using arginine modified activated carbon, 
J. Mol. Liq., 293 (2019), doi: 10.1016/j.molliq.2019.111442.

[43]	 R.V. Hemavathy, P.S. Kumar, K. Kanmani, N. Jahnavi, 
Adsorptive separation of Cu(II) ions from aqueous medium 
using thermally/chemically treated Cassia fistula based biochar, 
J. Cleaner Prod., 249 (2020), doi: 10.1016/j.jclepro.2019.119390.

[44]	 E. Gunasundari, P.S. Kumar, Adsorption isotherm, kinetics 
and thermodynamic analysis of Cu(II) ions onto the dried 
algal biomass (Spirulina platensis), J. Ind. Eng. Chem., 56 (2017) 
129–144.

[45]	 S. Suganya, P.S. Kumar, Influence of ultrasonic waves on 
preparation of active carbon from coffee waste for the 
reclamation of effluents containing Cr(VI) ions, J. Ind. Eng. 
Chem., 60 (2018) 418–430.

[46]	 M.A. Islam, I.A.W. Tan, A. Benhouria, M. Asif, B.H. Hameed, 
Mesoporous and adsorptive properties of palm date seed 
activated carbon prepared via sequential hydrothermal 
carbonization and sodium hydroxide activation, Chem. Eng. J., 
270 (2015) 187–195.

https://doi.org/10.1016/j.biteb.2019.100300
https://doi.org/10.1016/j.molliq.2019.111442
https://doi.org/10.1016/j.jclepro.2019.119390

	_GoBack

