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The feasibility of using an activated carbon prepared from teak leaf 
litter and cocoa pod husks (MPAC) to remove methylene blue (MB) 
from aqueous solution was investigated. The effects of contact time, 
MPAC dosage, initial concentration, pH and temperature of MB 
solution were investigated through adsorption equilibrium, 
isotherm, kinetic and thermodynamic studies. Optimum adsorption 
of MB from solution occurred at pH 8 and low adsorbent dosages. 
The physical adsorption process was endothermic and best 
described by Langmuir isotherm, pseudo-second order kinetic 
models and liquid film diffusion mechanism. MPAC is a promising 
adsorbent for removing MB from aqueous solution. 
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Introduction  

Many industries worldwide produce dye-contaminated 
wastewaters which may pose danger to the environment if not 
properly treated before disposal or reuse.  An estimated 
14,000 ton of dyes is released into the environment annually 
[1]. The negative impacts associated with the presence of color 
in water have been documented [2, 3]. 
A number of techniques are available for removing dyes from 
wastewaters with different merits and demerits bothering on 
efficiency, cost, speed of operation, level of complexity, ease of 
handling by-products and safety [3-5]. Adsorption is a popular 
technique for treating dye-polluted wastewaters due to its 
simplicity, convenience and ease of operation [6]. Commercial 
activated carbon is the most sought after adsorbent for 
removing pollutants from aqueous solution. However, poor 
selectivity properties and prohibitive procurement and 
regeneration costs are noteworthy drawbacks to its acceptance 
[7]. 

Plant-based materials have been touted as viable resources for 
producing effective low-cost adsorbents because they are 
cheap, abundant, renewable, biodegradable and 
environmentally friendly [8]. A striking characteristic of low-
cost adsorbents is their low surface area which rarely surpasses 
50 m2/g [9] without modification. The conversion of plant-
based materials to activated carbon tends to improve their 
surface areas tremendously. The reported surface area of 
selected laboratory-prepared low-cost activated carbons are:  
741, 774, 783, 943 and 1114 m2/g for Euphorbia rigida 
biomass, walnut shell, almond shell, corn cob and groundnut 
shell  [10-14], respectively. 
In the present study, low-cost activated carbon was prepared 
from malted sorghum mash and plantain peels. The 
equilibrium adsorption, kinetic and thermodynamics of the 
adsorbent to remove methylene blue (MB) dye from aqueous 
solution were investigated. 
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Materials and methods 

1.    Materials 
1.1. Preparation of Activated Carbon 
Malted sorghum mash (MSM), a by-product of local sorghum-
based beverage called pito; was sourced from a brewer at 
Navrongo, north-eastern Ghana. The material was pretreated 
as earlier described [15]. Plantain peels (PP) were collected 
from food vendors operating around the university campus at 
Navrongo. They were stripped of foreign matter and dried 
under the sun for two weeks. Potassium salt was extracted 
from PP according to the method developed at Cocoa Research 
Institute of Ghana [16]. 
MSM was carbonized in a furnace (Thermolyne F48010-33) at 
400°C for 1 h and allowed to cool. Some distilled water was 
added to 1:1 (w/w) mixture of carbonized MSM and the 
potassium salt and thoroughly mixed. The mixed precursors 
were dried overnight at 105°C in an oven (Binder 9110-0305) 
and later activated in a furnace at 500°C for 1 h. The activated 
carbon produced was cooled and washed several times with 
2% (v/v) HCl and distilled water the wash water had pH 7 ± 0.2. 
The produced activated carbon was dried overnight at 105°C 
and cooled in a desiccator. The final product was ground, 
sieved to particle size below 210 μm and stored in a corked 
glass bottle labeled “MPAC”. 
 
1.2. Methylene Blue 
The methylene blue (MB) dye used was produced by Merck 
(Darmstadt, Germany) and used as received. A 1000-mg/L 
stock solution was prepared from which dilute working 
solutions were prepared as needed. 
 
2. Experimental Methods 
2.1 Characterization of MPAC 
The Fourier transform infrared (FTIR) absorption spectrum was 
recorded using Perkin Elmer spectrophotometer [7]. Moisture, 
volatile matter, ash and fixed carbon were all determined as 
described by Jeyakumar and Chandrasekaran [18]. Calibrated 
pH meter was used to determine the pH [19] and bulk density 
was determined using 50 mL measuring cylinder [20]. The 
specific surface area was estimated by the method proposed 
by Sears Jr. [21]. 
 
2.2 Equilibrium Adsorption Studies 
Equilibrium adsorption experiments were conducted at room 
temperature except where indicated otherwise [22]. The 
concentration of the residual dye was determined at λmax of 
668 nm using uv/visible spectrophotometer (Jenway 6305). 
The quantity of MB adsorbed by MPAC, qe (mg/g) or R (%) was 
calculated thus: 
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where Co (mg/L) and Ce (mg/L) are the initial and equilibrium 
concentration of MB, respectively; V (L) is the volume of MB 
solution and w (g) is the mass of MPAC. Each experiment was 
conducted three times and the average value recorded. Every 
determination that differed by more than 5% from the average 
value was excluded and repeated. 
Adsorption experiments were conducted in 250 mL Erlenmeyer 
flasks containing 100 mL of dye solution and predetermined 
mass of MPAC. The flasks were agitated at 100 rpm until 
equilibrium was attained. The effects of contact time and the 
initial concentration of MB were assessed at room temperature 
by varying the concentration of the dye from 25 to 200 mg/L. 
All experiments attained equilibrium on or before 80 min. 
Therefore, the contact time for subsequent experiments was 
fixed at 100 min except for the study of adsorption kinetics. 
The impact of MPAC dosage was studied by varying the mass of 
MPAC from 0.05 g to 1 g. 
The impact of pH of dye solution was investigated by adjusting 
the pH of MB from 2 to 10 using 0.1 M HCl and 0.1 M NaOH 
solutions. The influence of temperature on uptake of MB by 
MPAC was studied at temperature between 303 and 318 K. 
 
2.3 Adsorption Isotherm 
The data for adsorption isotherm were generated by fixing the 
mass of MPAC and the volume, pH and temperature of MB 
solution at 0.05 g, 100 mL, pH 8 and 298 ± 1°C, respectively. 
The concentration of MB solution was varied at 20 mg/L 
interval from 20 to 140 mg/L. 
 
2.4 Adsorption Kinetics 
Adsorption kinetics experiments were conducted by varying 
the concentration of MB between 25 and 200 mg/L. However, 
the mass of MPAC was set at 0.05 g while the volume, pH and 
temperature of the dye solution were fixed at 100 mL, pH 8 
and 298 ± 0.5°C, respectively. 
 
2.5 Adsorption Thermodynamics 
The values of enthalpy (ΔH, kJ/mol), entropy (ΔS, J/mol K), and 
free energy (ΔG, kJ/mol) were determined by conducting 
adsorption experiments from 303 to 318 K, similar to that of 
the effect of temperature on uptake of MB by MPAC. 

Results and discussion 

1. Characteristics of MPAC 
The average yield of the MPAC produced was 39.61%. The 
average moisture content, bulk density and pH of the 
adsorbent were: 9.14%, 0.45 g/cm3 and 7.12, respectively. The 
adsorbent is slightly basic in nature. The bulk density of MPAC 
is comparable to 0.47 g/cm3 reported for a commercial 
activated carbon [22]. 
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The average values of moisture content, volatile matter, ash 
and fixed carbon of MPAC were: 9.14%, 8.26%, 2.61% and 
79.99%, respectively. The mean surface area of MPAC was 
289.80 m2/g. This value is lower than 324.79 m2/g reported for 
activated carbon produced from pongam seed shell [23] but 
higher than 234 m2/g obtained for activated carbon from green 
teak leaves [24]. 
 
2. Effects of Contact Time and Initial Concentration of MB 
The rate of removal of MB from aqueous solution by MPAC was 
swift at the early stages with uptake of at least 75% of the total 
dye adsorbed occurring within the first 20 min as shown in Fig. 
1. The fast uptake of the dye at the early stages is due to the 
existence of large number of binding sites on the adsorbent 
[25]. The contact time required for the system to attain 
equilibrium is influenced by the initial concentration of the MB 
solution. For instance, 25 and 200 mg/L dye solution required 
40 and 80 min contact time, respectively to attain equilibrium. 
On the basis of these results, the contact time for subsequent 
experiments was fixed at 100 min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1: Effects of contact time and initial concentration of dye 

on adsorptive removal of MB by MPAC, (V: 100 mL, w: 
0.5 g) 

 
The quantity of dye adsorbed by MPAC from solution at 
equilibrium improved from 3.25 to 30.12 mg/g as the initial 
concentration of MB was raised from 25 to 200 mg/L. This 
observation is attributed to reduction in resistance to 
adsorption of dye because of the driving force provided by 
concentration gradient [26]. 
 
3. Effect of MPAC Dosage 
The change in dosage of the adsorbent exerted a noteworthy 
influence on dye uptake as presented in Fig. 2. The quantity of 
MB removed increased from 64.7 to 74.6% when the MPAC 
dosage was increased from 0.5 to 10 g/L. The boost in the 
uptake of MB by MPAC was due to the availability of extra 
binding sites as the mass of the adsorbent increased. 

The actual adsorption density, however, plummeted from 64.7 
to 3.7 mg/g for the same change in adsorbent dosage. The 
inverse relationship between dosage and adsorption capacity is 
attributed to a combination of fast superficial uptake of dye 
molecules at higher dosages and aggregation of adsorbent 
particles [27, 28]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2: Effect of adsorbent dosage on adsorptive removal of MB 

by MPAC, (Co: 50 mg/L, V: 100 mL, w: 0.05 – 1 g) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3: Effect of pH of dye solution on adsorptive removal of 

MB by MPAC, (Co: 50 mg/L, V: 100 mL, w: 0.5 g) 
 
4. Effect of pH of MB Solution 
The influence of pH on removal of ionic adsorbates from 
aqueous solution is often weighty. The result of the impact of 
initial pH of MB solution on its removal by MPAC is presented 
in Fig. 3. Uptake of MB from aqueous solution rose sharply 
from 3.4 mg/g at pH 2 to 6.6 mg/g at pH 4 and gradually 
increased to 7.0 mg/g at pH 8 where it stabilized. The poor 
adsorption of the dye below pH 4 is ascribed to competition 
between protons (H+) and cationic MB for binding sites on the 
surface of MPAC [29]. 
The surface of the adsorbent became negatively charged when 
pH was increased beyond that of the point of zero charge of 
the adsorbent. Hence, removal of the MB was boosted through 
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electrostatic attraction between the cationic dye and the 
negatively charged surface of MPAC [30]. Similar result was 
obtained by Bestani and his team members who used activated 
leaves of Salsola vermiculata to adsorb MB from aqueous 
solution [31]. 
 
5. Effect of Temperature of MB Solution 
The adsorption of MB from aqueous solution was influenced 
by temperature as shown in Fig. 4. The quantity of dye 
removed by the adsorbent improved from 25.6 to 29.0 mg/g 
when the temperature was raised from 303 to 318 K. The 
adsorptive removal of MB from aqueous solution by MPAC was 
therefore an endothermic process [28, 32]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4: Effect of temperature on adsorptive removal of MB by 
MPAC, (Co: 50 mg/L, V: 100 mL, w: 0.05 g) 
 
6. Adsorption Isotherm 
Adsorption isotherm is essential to better understand the 
interaction between an adsorbent and an adsorbate [33] and 
for designing effective adsorption systems [31]. The Langmuir 
[34], Freundlich [35] and Dubinin-Radushkevich [36] isotherm 
models were used to assess the equilibrium adsorption of MB 
onto MPAC. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5: Langmuir isotherm plot for adsorption of MB onto 
MPAC (Co = 20 – 140 mg/L, V = 100 mL, w = 0.05 g, pH 8, T = 
298 K) 

 
Langmuir model [34] assumes monolayer adsorption, 
homogenous adsorbent surface and, hence, constant energy of 
adsorption on the surface of the adsorbent [37]. The linear 
form of Langmuir equation is 
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Where Ce (mg/L) is the equilibrium concentration of MB, qe 
(mg/g) is the mass of MB adsorbed at equilibrium per gram of 
MPAC, qm (mg/g) is the monolayer adsorption capacity of 
MPAC and KL (L/mg) is the Langmuir constant. The values of qm 
and KL are determined from the slope and intercept of the plot 
of Ce/qe versus Ce presented in Fig. 5. A dimensionless 
separation factor, RL, defined as 
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was used to assess the applicability of the Langmuir equation; 
where Co (mg/L) represents the highest initial concentration of 
MB. Adsorption is termed favorable if 0 < RL < 1 [38]. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6: Freundlich isotherm plot for adsorption of MB onto 
MPAC (Co = 20 – 140 mg/L, V = 100 mL, w = 0.05 g, pH 8, T = 
298 K) 
 
Freundlich isotherm is applicable to an adsorbent with 
heterogeneous surface and multilayer or continuous 
adsorption [35]. Its linear form is 
 

 1
lo g lo g lo g

e e Fn
q C K    (5) 

where KF (mg1-1/nL1/n/g) and 1/n represent the Langmuir 
constant and the heterogeneity factor, respectively. The values 
of KF and 1/n are obtained from the plot of log qe against log Ce 
shown in Fig. 6.  
 
Dubinin-Radushkevich isotherm [36] is applied to assess the 
mean adsorption free energy and the nature of adsorption. Its 
linear equation is 
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where qDR (mol/g) represents the Dubinin-Radushkevich 
monolayer adsorption capacity, β (mol2/J2) is activity 
coefficient and Ɛ represents the Polanyi potential given by 
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Fig. 7: Dubinin-Radushkevich isotherm plot for adsorption of 
MB by MPAC (Co = 20 – 140 mg/L, V = 100 mL, w = 0.05 g, pH 8, 
T = 298 K) 
 
R (8.314 J/mol K) and T (K) are the gas constant and 
temperature, respectively.  The values of qDR and β (Tab. 1) are 
obtained from the linear plot of ln qe versus Ɛ2 presented in 
Fig. 7. The mean energy, E (J/mol), is estimated from the 
relationship 
 

 1

2
E


   (8) 

Generally, adsorption is said to be physical in nature if 0 < E < 8 
kJ/mol and chemical in nature if 8 < E < 16 kJ/mol [39]. 
 
Tab. 1: Isotherm constants for adsorption of MB by MPAC 
 

 
Parameter 

Isotherm 

Langmuir Freundlich D-R 

KL (L/mg) 7.7084   

qm (mg/g) 185.18   

RL 0.2286   

KF (mg1-1/nL1/n/g)  8.7217  

1/n  0.6194  

qDR (mmol/g)   0.5175 

qDR (mg/g)   165.53 

E (kJ/mol)   5.0000 

R2 0.9918 0.9838 0.9968 

Note: D-R = Dubinin-Radushkevich 
 
The high correlation coefficient (R2 = 0.9918) for Langmuir 
model and the fact that the value of 1/n (Freundlich model) is 

lesser than unity confirm that the process is a normal Langmuir 
isotherm [40]. The surface of MPAC is, therefore, fairly 
homogenous and the adsorption of MB onto it is favorable (RL 
= 0.2286). The maximum monolayer adsorption capacity of 
MPAC is 185.18 mg/g. The adsorption process is physical in 
nature because the calculated mean free energy is 5.00 kJ/mol. 
The values of all relevant isotherm parameters, constants and 
correlation coefficients (R2) are displayed in Table 1. 
 
7. Adsorption Kinetics 
The kinetics of adsorption provides insight into how far the 
process progresses towards equilibrium as well as the 
mechanism governing the removal of the adsorbate by the 
adsorbent [41]. Adsorption kinetics data were analyzed using 
pseudo-first order [42], pseudo-second order [43], intraparticle 
diffusion [44] and liquid film diffusion [45] models. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8: Pseudo-first order kinetic plot for adsorption of MB onto 
MPAC (V = 100 mL, w = 0.05 g, pH 8, T = 298 K) 
 
The linearized pseudo-first order, pseudo-second order, 
intraparticle diffusion and liquid film diffusion equations are 
presented in equations 9, 10, 11 and 12, respectively 
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where qt (mg/g) and qe (mg/g) are the quantity of adsorbate 
removed per gram of adsorbent at time, t (min) and at 
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equilibrium, respectively. Moreover, C is a constant related to 
the boundary layer; k1 (1/min), k2 (g/mg.min), kid (mg/g.min1/2) 
and kfd (1/min) are the pseudo-first order, pseudo-second 
order, intraparticle diffusion and liquid film diffusion rate 
constants, respectively. The initial rate of adsorption, h 
(mg/g.min), is calculated from the pseudo-second order model 
using equation 13. 

 
2

2 e
h k q   (13) 

 
Fig. 9: Pseudo-second order kinetic plot for adsorption of MB 
onto MPAC (V = 100 mL, w = 0.05 g, pH 8, T = 298 K) 
 
The linear plots for the four adsorption kinetic models 
employed are presented in Figs 8, 9, 10 and 11. The values of 
relevant parameters, constants and correlation coefficients (R2) 
are displayed in Table 2. The process is best described by the 
pseudo-second order model on the basis of the R2 values at all 
initial concentrations and closeness of the experimental and 
calculated values of qe. 
The intraparticle and liquid film diffusion models were 
employed to decipher the rate controlling step. On the 
average, the plots for the latter (Fig. 11) fit better and all the 
plots pass through the origin. This confirms the liquid film 
diffusion as the rate-determining step in the adsorption 
process [47]. 

 
 
Fig. 10: Intraparticle diffusion kinetic plot for adsorption of MB 
onto MPAC (V = 100 mL, w = 0.05 g, pH 8, T = 298 K) 

8. Adsorption Thermodynamics 
The equation relating the change in Gibbs free energy (ΔG), 
enthalpy (ΔH) and entropy (ΔS) is 
 

 G H T S       (14) 

The values of ΔG, at different temperatures were calculated by 
applying. 

 
Fig. 11: Liquid film diffusion kinetic plot for adsorption of MB 
onto MPAC (V = 100 mL, w = 0.05 g, pH 8, T = 298 K) 
 
Tab. 2: Kinetic constants for adsorption of MB onto MPAC 
 

 
Kinetic Models 

C0 (mg/L) 

25 50 100 200 

 
Pseudo-First Order 

    

qe,cal (mg/g) 4.2135 5.3919 6.6926 12.407 

qe,exp (mg/g) 27.500 50.240 93.120 274.44 

k1 (g/mg min) 0.0302 0.0238 0.0215 0.0167 

R2 0.9938 0.9975 0.9973 0.9669 

 
Pseudo-Second 
Order 

    

qe,cal (mg/g) 39.841 69.930 114.94 276.19 

qe,exp (mg/g) 27.500 50.240 93.120 274.44 

k2, (g/mg.min) 0.0013 0.0007 0.0006 0.0001 

h (mg/g.min) 2.1313 3.3367 7.4239 8.1301 

R2 0.9963 0.9977 0.9969 0.9969 

 
Intraparticle 
Diffusion 

    

kid (mg/g.min1/2) 4.5980 7.4856 11.267 33.555 

C (mg/g) 1.0717 1.4694 9.3262 31.428 

R2 0.9961 0.9862 0.9658 0.9869 

 
Liquid Film 
Diffusion 

    

kfd (1/min) 0.0692 0.0559 0.0540 0.0315 

R2 0.9969 0.9982 0.9912 0.9876 
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where Kd is the distribution coefficient, Cs (mg/L) is the 
quantity of dye adsorbed by MPAC at equilibrium and Ce 
(mg/L) is the quantity of dye in solution at equilibrium. 
The equalization of equations 14 and 15 to eliminate ΔG 
produces 
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The Van’t Hoff plot of ln Kd versus 1/T (Fig. 12) facilitated the 
determination of the values of ΔH and ΔS. The calculated 
values of ΔG, ΔH and ΔS from 303 to 318 K are presented in 
Table 3. The negative values of ΔG established the feasibility of 
the process. The positive value ΔH confirmed that the 
adsorption was an endothermic process. The positive value of 
ΔS indicates increased disorder at the MPAC-MB solution 
interface during the adsorption process [46]. 
 

 
Fig. 12: Van’t Hoff plot for adsorption of MB onto MPAC (Co = 
50 mg/L, V = 100 mL, w = 0.05 g, pH 8, T = 298 K) 
 
 
Tab. 3: Thermodynamic parameters for adsorption of MB onto 
MPAC 
 

ΔG (kJ/mol) ΔH 
(kJ/mol) 

ΔS 
(J/mol.K) 303 K 308 K 313 K 318 K 

 
-0.13 

 

 
-0.33 

 

 
-0.55 

 

 
-0.85 

 

 
13.67 

 

 
45.48 

 

 

Conclusions 

In this study, a low-cost MPAC activated carbon was 
produced from teak leaf litter and potassium salt 
extracted from plantain peels. The adsorbent was 
successfully used to remove MB from aqueous solution. 
The adsorption process was feasible and influenced by 
contact time, initial concentration of dye solution, MPAC 
dosage, pH of MB solution and temperature. Optimum 
adsorption of dye per gram of adsorbent occurred at pH 8 
and low adsorbent dosages. The estimated Langmuir 
monolayer capacity of the adsorbent was 185.18 mg/g. 
Pseudo-second order model best fit the kinetic data. The 
free energy (5.00 kJ/mol) estimated from Dubinin-
Radushkevich isotherm established the process as 
physical adsorption. The removal of the dye by the 
adsorbent was spontaneous and endothermic in nature. 
In conclusion, the capacity of the adsorbent, isotherm, 
kinetic and thermodynamic studies conducted indicated 
that MPAC is a promising low-cost adsorbent for removal 
of MB from aqueous solution. 
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