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a b s t r a c t
Methylene blue (MB) dye, similar to many modern dyes, poses environmental problems. Parinari 
excelsa is a large tropical tree that is common in many parts of humid Africa and tropical South 
America. In this study, biochar prepared from P. excelsa wood waste was characterized. Batch stud-
ies were conducted to determine the MB adsorption efficiency of the P. excelsa biochar. The MB 
adsorption efficiency increased with increasing the contact time, biochar dosage, pH and sodium 
chloride concentration. Also the percentage uptake decreased with increasing the initial concen-
tration of MB solution. The adsorption equilibrium data were fitted with Langmuir, Freundlich, 
Temkin and D-R isotherm models. The analysis showed that the Langmuir model showed the best 
isotherm fit, while the adsorption kinetics was best described by pseudo-second-order kinetic 
model. The adsorption mechanism was described as physisorption. The adsorption capacity of 
30 mg/g was estimated and the equilibrium was obtained within 720 min by removing 97% of 
MB from the aqueous solution. This research confirmed that P. excelsa biochar would serve as an 
effective adsorbent for the uptake of MB in aqueous solution.
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1. Introduction

Industries using dyes (e.g., paper, plastic, paint, and 
textile industries) are increasingly being set up in coun-
tries with weak enforcement of environmental regulations. 
Wastes from these industries are often discharged directly 
into aquatic environments with little or no processing [1]. 
Contamination of drinking water is a growing public health 
concern, particularly in poor communities in Sub-Sahara 
Africa [2–4]. Water pollution by industrial effluents is 
unsightly and disrupts photosynthesis in aquatic ecosystems 
[5,6]. More importantly, dyes and their metabolites can be 

toxic, mutagenic or carcinogenic [7]. Therefore, the removal 
of these effluents from water bodies is critical.

The techniques for dye wastewater treatment include ion 
exchange [7], magnetic separation [8], dialysis [9], filtration, 
ultra-filtration [10,11] and flocculation [12]. These methods 
may usually have the disadvantages such as high cost, pol-
lutant specific and less efficient in dye removal [13]. 

Because it is simple and cheap, adsorption is one of 
the main dye wastewater treatment technologies [13–15]. 
The porous structure, pore distribution and functional 
groups on the adsorbents are the main characteristics that 
drive the adsorption mechanism [10]. Biochar is a solid car-
bon product from pyrolysis of biomass materials. It can be 
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produced under different conditions for specific applica-
tions including carbon sequestration, soil amendment and 
environmental remediation [16,17]. A range of biochars have 
been fabricated and investigated for the cost-effectiveness 
and sustainability [18–20].

Parinari excelsa is a fast-growing tree that is commonly 
used in the production of charcoal across Africa (including 
Sierra Leone) and South America. Parinari excelsa contains 
various organic compounds (lignin, cellulose and hemicel-
lulose) with polyphenolic and hydroxyl groups that may 
be useful in binding dyes via some complex mechanisms. 
The objective of this study was to develop a low-cost adsor-
bent for color removal from dye wastewater and study the 
adsorption kinetics. The MB was selected as a model dye as 
a result of its toxicity to humans and aquatic organisms [21]. 
Parinari excelsa has not been studied as biochar adsorbent 
for dye removal to our best knowledge. Preparing P. excelsa 
wood waste biochar to treat dye wastewater can be devel-
oped into a critical use pathway of biomass resources to solve 
water pollution within poor communities in Sub-Sahara 
Africa. Thus in this study, P. excelsa wood waste was pyro-
lyzed and the resulting biochar was used to remove MB from 
simulated wastewater. The adsorption capacity and kinetics 
of P. excelsa biochar were tested for the removal of MB.

2. Materials and methods

2.1. Materials

The woody biomass by-product or waste was collected 
from normal traditional farm brushes in the southern Sierra 
Leone, West Africa. Then the MB and other chemicals used 
in the experiment were procured from the Tianjin Damao 
Chemical Company in China, and the chemicals were of 
analytical grade.

2.1.1. Adsorbent

The collected P. excelsa wood waste was cut into small 
pieces (1–2 cm long) and sun-dried for 2 weeks to get rid 
of the water content. The sample was milled into fine pow-
der and sieved via 75-micrometer sieve in the laboratory to 
obtain uniform size. The ground biomass sample was pyro-
lyzed in a tube furnace without any pretreatment. The pyrol-
ysis temperature of 700°C, residence time of 1 h, heating rate 
of 10°C/min and nitrogen flow rate of 0.4 L/min was used 
during the pyrolysis. Pyrolysis is one of the major thermal 
methods utilized to convert organic waste into carbon-rich 
material, which can be used for wastewater treatment [22]. 
During the pyrolysis process, cellulose, hemicellulose and 
lignin, which are the building blocks of biomass, are bro-
ken down under oxygen-limited conditions to enrich the 
carbon content of the original biomass [23]. Pyrolyzing 
biomass at high temperatures may increase the hydropho-
bicity, surface area and micropore volume [24], which may 
enhance the biochar adsorption performance. The biochar 
yield was ca. 28% under the above conditions. 

2.1.2. Adsorbate

A stock solution of 1,000 mg/L of MB was prepared by 
dissolving the appropriate dry mass of MB into deionized 

water. The molecular formula of MB is C16H18N3SCl with 
the molecular structure shown in Fig. 1. The experimental 
concentrations were prepared by successive dilution of the 
stock to a range of 25–75 mg/L using deionized water. 

2.1.3. Biochar characterization

The surface characteristics (e.g., pore size, specific sur-
face area and pore size distribution) were determined 
using SSA-4000 analyzer (Builder, China) following the 
BET method. The Fourier transforms infra-red (FTIR) spec-
trophotometer (Shimadzu-8400S, Japan) was used to deter-
mine the presence of different functional groups on the 
adsorbents. The FTIR of the adsorbent was examined before 
and after MB adsorption. The FTIR spectrum was recorded 
within the wavenumber range of 4,000–400 cm–1. The mor-
phology and texture of the adsorbent before adsorption 
were analyzed using scanning electron microscopic (SEM, 
PHENOM ProX G6, Thermo Fisher Scientific, USA). 

2.2. Batch adsorption experiment

In this study, batch adsorption of MB onto P. excelsa 
biochar was conducted as explained in the literature [25]. 
The effect of contact time was determined by adding 0.2 g 
P. excelsa biochar in 100 mL MB aqueous solution of 25 mg/L 
in a beaker placed in an intelligent magnetic water bath agi-
tated at 150 rpm at 30°C, pH 7. The pH was adjusted with 
drops of 0.1 M HCl or NaOH. After adsorption test, solutions 
were filtered via Whatman® #42 filter paper to separate car-
bon from the solution and the residual MB concentration 
was determined using visible ultra-violet spectrophotome-
ter (UV-3802, Unico, USA) at the wavelength of 665 nm.

The effect of adsorbent dose was determined by stirring 
100 mL MB solution of 25 mg/L with P. excelsa biochar dos-
ages ranging from 0.04 to 0.2 g. The effect of initial concentra-
tion was analyzed by stirring 0.2 g of P. excelsa biochar with 
MB concentrations ranging from 35 to 75 mg/L. The salinity 
effect was analyzed by adding sodium chloride in 100 mL 
solution with MB initial concentration of 35 mg/L.

The adsorption capacity of P. excelsa biochar at given 
equilibrium and adsorption efficiency was calculated using 
a standard equation [26]. The calibration curve for MB was 
prepared by measuring the absorbance of different MB 
concentrations at 665 nm [1]. The experimental parameters 
including the pH, contact time, initial concentration of adsor-
bent, adsorbent dose and ionic strength were investigated. 
For these investigations, each data point was the average for 
at least three repeated experimental data. The quantity of 
dye adsorbed at equilibrium was calculated as Eq. (1):

 
Fig. 1. Molecular structure of MB.
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The efficiency of the adsorbent was calculated by Eq. (2): 
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Then the quantity adsorbed at the time t was calculated 
as Eq. (3):
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where C0, Ce and Ct (mg/L) are the concentrations at initial, 
equilibrium and time t (min) conditions, respectively; V (L) 
is the volume of the solution; W (g) is the dry mass of the 
adsorbent; qe (mg/g) is the amount of dye adsorbed per mass 
of adsorbent at equilibrium; and qt (mg/g) is the amount 
of dye adsorbed per mass of adsorbent at time t. 

2.3. Adsorption mechanism and kinetics

The equilibrium isotherm of MB was examined by 
using different MB concentrations ranging from 35 to 
75 mg/L and 0.2 g P. excelsa biochar and agitated at 150 rpm 
for 24 h to achieve equilibrium. The dye solution pH was 
adjusted to pH 7. 

The adsorption mechanism was tested by fitting the 
dye equilibrium concentrations (Ce) and the amount of 
dye adsorbed per mass of adsorbent at equilibrium (qe) to 
the Langmuir, Temkin and Dubinin–Radushkevich (D-R) 
adsorption isotherm models, respectively. Kinetic studies 
were conducted in a similar mode as the equilibrium test. 
For this investigation, a beaker containing 100 mL MB aque-
ous solution of 25 mg/L was agitated at 150 rpm, a portion 
of the MB aqueous solution was withdrawn from the bea-
ker at a predetermined time and the concentration of MB 
was measured. The quantity of dye adsorbed at any given 
time qt was determined using Eq. (3). The equilibrium data 
were fitted with pseudo-first-order, pseudo-second-order 
kinetic and Elovich models, respectively. 

2.3.1. Adsorption isotherm models

The Langmuir isotherm model is given as Eq. (4):

C
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where Ce is the concentration of the adsorbate at equilib-
rium (mg/L); qe is the amount of dye adsorbed per mass of 
adsorbent at equilibrium (mg/g); b and Q0 are the Langmuir 
constants related to the rate of adsorption and the adsorp-
tion capacity, respectively. When Ce/qe is linearly plotted 
against Ce, with a slope 1/Q0 and intercept 1/Q0b is obtained.

The key characteristic of the Langmuir isotherm is called 
the separation factor RL [27], which describes the nature 

and characteristics of the adsorption process, is given by 
Eq. (5) as follows: 

R
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where C0 is the initial concentration of dye (mg/L); and b is 
the Langmuir constant. The value of RL denotes the nature 
of the adsorption process, as in Eq. (5).

The logarithmic form of Freundlich isotherm is given as 
Eq. (6):

log log logq K
n

Ce F e� �
1  (6)

The plot of logqe against logCe gives a straight line with 
a slope of 1/n and intercept of logKF; where KF is the adsorp-
tion capacity of the adsorbent and n interprets the nature of 
the adsorption. The adsorption process is more heteroge-
neous when the slope 1/n equals zero.

The linear form of the Temkin isotherm is given as Eq. (7):
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where qe (mg/g) is the amount of dye adsorbed per mass of 
adsorbent at equilibrium; bT (mg/L) is the Temkin isotherm 
constant related to the energy parameter; and aT (L/g) is the 
Temkin isotherm constant. The values of these constants 
are calculated from the slope and intercept obtained from 
the fitted plot of qe against lnCe.

The linearized equation of the D-R isotherm is stated as 
Eqs. (8) and (9): 
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where qe and qs are the equilibrium adsorbent-phase 
concentration of adsorbate and theoretical saturation 
capacity (mg/g), respectively; K is the D-R isotherm con-
stant, related to the free energy of adsorption per mol of 
adsorbate ((mol/kJ)2); and ε is the Polanyi potential.

The adsorption free energy E
K

=
1
2

 provides an idea 

about the physical or chemical adsorption mechanism. 
If E is between 8 and 16 kJ/mol, the process of sorption is 
chemically driven, while if E is lower than 8 kJ/mol, then 
it is a physical process [26]. 

2.3.2. Kinetic study

Pseudo-first-order, pseudo-second-order and Elovich 
models were used to analyze the kinetic data. These models 
can be expressed as Eqs. (10)–(12):

Pseudo-first-order: 

ln lnq q q K te t e�� � � � � � 1  (10)
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Pseudo-second-order: 
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Elovich model: 
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where qe and qt (mg/g) are the amount of MB adsorbed per 
mass of adsorbent at equilibrium and time t (min), respec-
tively, K1 (min–1) is the adsorption rate constant for pseu-
do-first-order model, K2 (g/mg min) is the rate constant of 
second order model, α initial adsorption rate (mg/g min) 
and β desorption constant (g/mg).

3. Results and discussion

3.1. Biochar characterization

The dye removal efficiency of adsorbents is likely related 
to the porosity and the functional groups of the adsorbent. 
The kind and nature of the functional groups may denote 
the adsorption capacity and pollutant removal efficiency 
of the prepared adsorbent. Fig. 2 presents FTIR spectra for 
the functional groups on the P. excelsa biochar before and 
after the adsorption of MB.

FTIR spectra showed common functional groups on 
the surface of P. excelsa biochar. Before the adsorption pro-
cess, the band at 3,300–3,500 cm–1 is related to the stretching 
of –OH [28,29], the deformation band at 2,900–3,100 cm–1 is 
associated with the C–H bond (alkyl, aliphatic and aromatic 
groups). Peak at 1,691 cm–1 can be associated to the elonga-
tion of C–O bonds in nonionic carboxylic groups (–COOH, 
–COOCH3) [30]. Peaks found between 1,050 and 600 cm–1 
are associated to C–OH, C–O–C and aromatic bonds [31]. 
After adsorption, many peaks intensity increased. The –OH 
bond at 3,200–3,700 cm–1 was intensified may be due to the 
hydrated MB molecules [32]. The peak at 2,900–3,100 cm–1 
attributed to C–H stretching modes of the methyl groups in 
MB. Also, strengthened peaks at 875 and 811 cm–1 attributed 
to C–H stretching in the benzene rings of MB molecules [32]. 
This indicated truly the adsorption of MB onto P. excelsa 

biochar. After adsorption, there has been some shift of these 
peaks as a result of likely participation of the functional 
groups present on the adsorbent [30,33].

Figs. 3a and b present SEM images of P. excelsa biochar 
at different magnifications before adsorption. The pyroly-
sis process developed pores on the P. excelsa biochar surface 
with different pore sizes suggesting that P. excelsa biochar 
had a porous structure. The structure had a honeycomb-like 
porous network [34], which may be proper for the adsorp-
tion of MB molecules. The BET results suggested a specific 
surface area of 86.3 m2/g, average pore volume of 0.0312 cc/g 
and average pore diameter of 2.4 nm for P. excelsa biochar, 
respectively.

3.2. Contact time effect

Fig. 4 presents the dye removal percentage vs. time. 
The initial MB concentration is 25 mg/L and biochar dose is 
0.2 g per 100 mL solution at pH 7. As shown in Fig. 4, the 
removal percentage increased with an increased contact 

 
Fig. 3. (a) 5,000X and (b) 3,000X SEM image of Parinari excelsa biochar before MB adsorption.

 
Fig. 2. FTIR spectra for P. excelsa biochar before and after 
adsorption.
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time and then the maximum value was achieved finally. 
The rate of dye removal was rapid within 30 min as a result 
of vacant adsorption sites on the adsorbent. However, the 
removal percentage gradually slowed down before achiev-
ing equilibrium [35]. This was because there was a lot 
of empty adsorption sites on the adsorbent at the initial 
stage and the available adsorption sites became less after 
a period. It can be concluded that prolonging the treat-
ment time will not further improve the MB removal sig-
nificantly. The dye removal percentage reached 97% within 
720 min of contact time. Similar trend has been reported on 
the removal efficiency of MB dye onto meranti sawdust [36].

3.3. Initial dye concentration effect

Initial dye concentration has a significant effect on 
adsorption equilibrium. The effect of initial dye concen-
trations ranging from 35 to 75 mg/L was examined by stir-
ring 100 mL MB aqueous solution with 0.2 g of P. excelsa 
biochar for 24 h, and the results are presented in Fig. 5. 
The MB removal percentage decreased from 85% to 63% as 
the MB concentration increased from 35 to 75 mg/L. This 

can be attributed to relatively less MB molecules for adsorp-
tion at lower MB concentrations under the same adsorbent 
dosage and also usually observed by others [37,38].

3.4. Adsorbent dose effect

The adsorbent dosage is a significant process param-
eter to be considered for batch adsorption studies. Fig. 6 
shows that MB removal percentages increase with increas-
ing adsorbent dosages. For adsorbent dose increased 
from 0.04 to 0.2 g/L, the removal percentages increased 
from 19% to 97% with 25 mg/L initial MB concentration. 
Beyond 0.16 g adsorbent dose, though slight increase 
in MB removal was also observed with more dosages, 
the optimum biochar dose was determined to be 0.16 g. 
At higher biochar dose to MB concentration ratios, there 
were higher removal percentages in MB concentration. 
This was a result of abundant vacant active sites com-
pared with MB concentration [28]. Normally keeping the 
initial dye concentration constant and then increasing the 
adsorbent dosage provides a larger surface area and more 
adsorption sites, the dye uptake is then improved [38].

3.5. Salt concentration effect

The salt concentration may have significant effect 
on adsorption process. The effect of the MB adsorption 
was determined by mixing 100 mL MB aqueous solution 
(35mg/L) with 0.16 g biochar and varied sodium chlo-
ride amount in the range of 0.1–1.0 g. The results are pre-
sented in Fig. 7. The results showed that adsorption of 
MB increased with increasing concentration of sodium 
chloride. As shown in Fig. 7, the dye removal efficiency 
increased from 86% to 97% for sodium chloride ranging 
from 0.1 to 1.0 g. It shall be noted the removal efficiency here 
was obtained with initial MB concentration of 35 mg/L. 
Similar results can also be found in other reports [17,39]. 

3.6. pH effect

pH influences the adsorption of dyes by regulating the 
availability of active sites on adsorbents and ionization of 
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Fig. 4. Effect of contact time on MB removal.
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Fig. 6. Effect of adsorbent dose on the removal of MB.
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adsorbates [40]. In this study, the pH of MB aqueous solu-
tion was examined in the range of 3–10 at a constant adsor-
bent dosage of 0.16 g per 100 mL solution with initial MB 
concentration of 30 mg/L. The results are presented in Fig. 
8. It can be observed that the optimum condition for the 
highest MB removal was at pH 10 [41]. From Fig. 8, it can 
be observed that the removal efficiency for solution pH 3 and 
10 was 85% and 99%, respectively. It shall be noted the removal 
efficiency here was obtained with initial MB concentration 
of 30 mg/L. In acidic medium, the adsorption of the MB was 
low due to the presence of abundant H+ ions competing with 
MB cations for the adsorption sites [10]. Other researchers had 
reported similar results for the uptake of MB onto broad beans 
peels, pine corn biomass [26,42] and hydrothermal carbonized 
and sodium hydroxide activated palm date seed [43]. 

3.7. Adsorption isotherm

The adsorption isotherm explains the nature of the 
interaction between adsorbate (MB) and the adsorbent. 
The experimental data were fitted with (i) Langmuir, (ii) 
Freundlich, (iii) Temkin and (iv) Dubinin–Radushkevich 
(D-R) adsorption isotherms. The fitting plots are shown 

in Figs. 9, S1 and S2. The values of the various isotherm 
parameters were obtained, respectively, from the linear cor-
relations between (i) Ce/qe vs. Ce, (ii) logqe vs. logCe, (iii) qe vs. 
lnCe and (iv) lnqe vs. ε2. The adsorption isotherm parame-
ters along with the correlation coefficients (R2) are listed in 
Table 1, respectively. 

Fig. 9 presents the Langmuir (Fig. 9a) and Freundlich 
fit (Fig. 9b) of the experimental data and the separation 
factor RL vs. initial concentrations (Fig. 9c). The Langmuir 
fit was the best fit model due to the highest value of the 
regression coefficient (R2 = 0.931). Also, the calculated 
monolayer adsorption capacity (Q0) was 30 mg/g for the 
Langmuir isotherm, which was in close agreement with 
the experimental value. The separation factor (RL) for the 
adsorption of MB onto P. excelsa biochar for different exper-
imental concentrations of 35–75 mg/L was 0.203–0.106. 
The plot of the separation factor RL vs. the initial concen-
tration is shown in Fig. 9c. Here, RL is lower than 1 and 
decreases with increasing MB concentrations. This con-
firmed that adsorption was enhanced at higher concentra-
tion [44–46]. In Freundlich fit, 1/n is lower than 1 (shown in 
Table 1), which also confirms the favorable adsorption.

From the regression coefficients, the MB adsorption on 
P. excelsa biochar cannot be exactly described by Temkin and 
D-R isotherm models. However some of the fitting param-
eters still can give useful information. As shown in Table 1, 
the positive Temkin’s constant bT indicates that the adsorp-
tion is exothermic. The mean adsorption free energy of 
2.1 kJ/mol as calculated from D-R model indicates that the 
adsorption is physical adsorption due to the low adsorption 
free energy value (<8 kJ/mol).

3.8. Adsorption kinetics

Adsorption kinetics study the adsorption rates at dif-
ferent time during adsorption process. In this study, the 
pseudo- first-order, pseudo-second-order and Elovich kinetic 
models were tested for the experimental data. For the exper-
iments, P. excelsa biochar of 0.2 g was stirred in 100 mL 
aqueous solution with 25 mg/L MB at a contact time rang-
ing from 30 to 1,440 min at 30°C and pH 7. The amount of 
MB adsorbed per mass of adsorbent at equilibrium was 
measured to be 12.6 mg/g under the above conditions. 
The model fits were shown in Fig. 10. 

Fig. 10a shows the pseudo-first-order fit of MB adsorp-
tion onto P. excelsa. The kinetic constant K1 of 0.537 min–1 
and qe of 1.093 mg/g are calculated from the slope and 
intercept, respectively and presented in Table 2. The cor-
relation coefficient R2 of the pseudo-first-order is equal to 
0.810. The pseudo-second-order fit is shown in Fig. 10b, 
also with R2 and other model parameters given in Table 
2. The R2 for the pseudo-second-order kinetic model was 
0.999. Also, the calculated value qe of 12.5 mg/g for the 
pseudo-second-order was strongly in agreement with the 
experimental value of 12.6 mg/g. The Elovich kinetic model 
fit is presented in Fig. 10c. The model constants α and β 
were calculated from the intercept and the slope, respec-
tively and presented in Table 2. The R2 of 0.666 is less than 
those for both pseudo-first-order and pseudo-second-or-
der. Therefore, the adsorption process can be appropriately 
described by pseudo-second-order kinetic model.

 
Fig. 8. Effect of pH on the adsorption of MB on Parinari excelsa.
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4. Performance evaluation

Table 3 lists the adsorption capacity (Q0) for various 
adsorbents in literatures with similar adsorption condi-
tions. Studies show that Q0 for MB adsorption on other 
biochars is often less than that on P. excelsa biochar. Some 
reports involved the surface synthesis of biochar, which can 
enhance its adsorptive capacities. But the surface synthe-
sis involved complex and expensive processes which may 
contribute to higher cost of the process [44,45,47] compared 
with this study. In our view, P. excelsa biochar can serve as an 
alternative to commercial activated carbon in respect to the 
environmental issues.

5. Conclusions

This study showed that biochar from P. excelsa can 
effectively remove MB from simulated MB wastewater. 
Isotherm analysis showed that Langmuir model could 
best describe the adsorption equilibrium. The adsorption 
kinetics was best fitted by the pseudo-second-order kinetic 
model. The result indicated that P. excelsa biochar was a 
promising adsorbent material in dye removal. The amount 
of dye adsorbed increased with increasing dye concen-
tration, salt concentration and solution pH.

This is a valuable addition to wood biomass in Sierra 
Leone, additional revenue to rural farmers. Biochar produced 

 

 

 (a) (b)

(c)

Fig. 9. Different isotherm fit for MB adsorption (a) Langmuir, (b) Freundlich and (c) separation factor vs. initial MB concentration.

Table 1
Adsorption isotherm parameters for Langmuir, Freundlich, Temkin and D-R fits

Adsorbent Model Parameter 1 Parameter 2 Parameter 3 R2

P. excelsa biochar

Langmuir Q0 = 30 mg/g b = 0.11 L/mg – 0.931
Freundlich 1/n = 0.33 KF = 2.44 mg/g – 0.866
Temkin bT = 12,117 mg/L aT = 803 L/g – 0.832
D-R qs = 2.4 mg/g K = 0.11 (mol/kJ)2 E = 2.1 kJ/mol 0.667
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from P. excelsa can be used by local farmers to treat their 
drinking waters. Also, local industries can treat their color 
effluents before discharging into the environment using P. 
excelsa biochar at low costs, compared with the conventional 
activated carbon.
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Fig. S2. D-R isotherm fit.
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