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a b s t r a c t
The potential of palm spathe (PS), an agricultural waste, to remove methylene blue (MB) from aque-
ous solution was evaluated in a batch process. The effects of contact time (0–300 min), initial dye 
concentration (25–400 mg L–1), pH (2–12), temperature (25°C–45°C), ionic strength (0–500 mg L–1) 
and biosorbent dosage (0.5–6 g L–1) on the uptake of MB by PS were studied. The obtained results 
show that the optimum pH for MB biosorption was in the range of 5.0–10.0. Increasing the bio-
sorbent concentration from 0.5 to 6 g L–1 caused a diminution in biosorption capacity from 59.86 
to 8.01 mg g–1. Equilibrium time increased from 120 to 270 min when the initial dye concentration 
increased from 25 to 400 mg L–1. When the MB concentration augmented from 25 to 400 mg L–1, 
the amount of MB sorbed increased from 7.83 to 62.62 mg g–1. A rise in temperature from 25°C 
to 45°C decreased the sorption capacity from 45.28 to 42.36 mg g–1. The removal kinetics was 
analyzed using the pseudo-first-order and pseudo-second-order model equations. The pseudo- 
second-order model was found to describe the biosorption process better than the pseudo-first- 
order equation. Biosorption isotherms were modeled with the Langmuir, Freundlich, and Temkin 
isotherms. The data fitted well with the Langmuir isotherm. The maximum monolayer biosorp-
tion capacity was found to be 74.3 mg g–1 at 25°C. The thermodynamic parameters obtained for 
the sorption of MB by PS demonstrate spontaneous, exothermic, and favorable sorption process. 
Palm spathe may be used as an alternative biosorbent to remove MB from aqueous solutions.
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1. Introduction

Textile dyes and other industrial dyestuffs consti-
tute one of the largest groups of organic compounds 
that represent an increasing environmental danger [1]. 
About 1%–20% of the total world production of dyes is 
lost during the dyeing process and is released in textile 
effluents [2]. So far, there are more than 100,000 types of 
dyes, with over 700,000 tons of dyestuff produced annu-
ally, which can be classified according to their structure as 

anionic and cationic [3]. Color interferes with penetration 
of sunlight into waters, retards photosynthesis, inhibits the 
growth of aquatic biota, and interferes with gas solubil-
ity in water bodies [4]. In addition, dyes can cause severe 
damage to organism such as dysfunction of kidney, repro-
ductive system, liver, brain, and central nervous system 
[5]. Methylene blue (MB) is a cationic dye having various 
applications in chemistry, biology, medical science, and 
dyeing industries. MB can cause eye burns, and if swal-
lowed, it causes irritation to the gastrointestinal tract with 



C. Djelloul et al. / Desalination and Water Treatment 231 (2021) 389–397390

symptoms of nausea, vomiting, and diarrhea. It may also 
cause methemoglobinemia, cyanosis, convulsions, and 
dyspnea if inhaled [6]. Its long-term exposure can cause 
vomiting, nausea, anemia, and hypertension [7]. Artificial 
dyes have been in the controversy for many years and scru-
tinized for being possibly linked to cancer, allergies, and 
hyperactivity [8].

Various conventional methods of color removal from 
wastewater have been used. These include biological and 
physical-chemical processes. Among these techniques, 
adsorption is a greatly preferred method due to its high 
efficiency, simplicity in design, and sludge free operation. 
Activated carbon is the most widely used adsorbent in 
the adsorption process but it is expensive. There is a need 
to explore the adsorption potential of the low-cost mate-
rials. A number of studies had focused on biomaterials 
and bio-composites that are capable of removing various 
pollutants from wastewater [9–39].

One of agriculture wastes that received attention in the 
present study is the palm spathe (PS). The inflorescence 
in its early stages is enclosed in a hard covering/envelope 
known as spathe which splits open as the flowers mature 
exposing the entire inflorescence for pollination purposes. 
The average annual number of spathes born by a palm 
is a dozen for females and more for males. The number of 
palm trees of different species is estimated at 20 million in 
Algeria. It is abundant, readily available as a low-cost and 
environment friendly material.

To the best of our knowledge, the use of raw PS for 
the biosorption of pollutants from aqueous solutions is 
until now not examined previously. In this work, we have 
explored for the first time the potential application of PS as 
an original biosorbent for the removal of MB from aqueous 
phase. This issue has been treated for various experimen-
tal conditions including contact time (0–300 min), initial 
dye concentration (25–400 mg L–1), pH (2–12), temperature 
(25°C–45°C), ionic strength (0–500 mg L–1) and biosorbent 
dosage (0.5–6 g L–1). Equilibrium isotherm and kinetic 
data are analyzed and modeled using different equations. 
Additionally, thermodynamic parameters such as ΔG°, ΔS°, 
and ΔH° were determined.

2. Materials and methods

2.1. Biomass and dye solution preparation

After harvesting, the spathes were extracted and cut 
into pieces and washed with distilled water several times 
to remove dirt particles and water-soluble materials till 
the wash water became almost colorless. Then it was oven-
dried at 50°C for 3 d and stored in a desiccator until experi-
mental use.

The cationic dye used in this study, methylene blue (MB), 
was purchased from Sigma-Aldrich (analytical grade). MB 
chemical formula is C16H18N3SCl. The dye stock solution 
was prepared by dissolving accurately weighed dye in dis-
tilled water to the concentration of 1,000 mg L–1. Distilled 
water was used for preparing all needed initial concen-
trations. The dye concentrations were measured by a dou-
ble beam UV/Vis spectrophotometer (Shimadzu, Model 
UV 1601, Japan) at 664 nm.

The solution pH was adjusted by the addition of 
dilute aqueous solutions of HCl or NaOH. Ionic strength 
of aqueous solutions was adjusted with K2SO4 solutions. 
All reagents used were of analytical grade.

2.2. Batch bisorption experiments

The experiments were carried out in batch mode; all 
the batch experiments were conducted with 200 mL solu-
tions and stirring speed of 300 rpm. The parameters studied 
include contact time (0–300 min), initial dye concentration 
(25–400 mg L–1), pH (2–12), temperature (25°C–45°C), ionic 
strength (0–500 mg L–1) and biosorbent dosage (0.5–6 g L–1). 
Samples are taken at different time intervals to monitor 
the removal of the dye by sorption until equilibrium.

3. Results and discussion

3.1. Influence of pH

The effect of pH on the removal of MB from aqueous 
solutions by PS was observed at varying pH from 2 to 12 
with 25°C temperature, 3 g L–1 biosorbent concentration, 
50 mg L–1 initial dye concentration, and 300 rpm stirring 
speed.

From Fig. 1, it was observed that the values of the 
higher sorption capacity at equilibrium (qe) were recorded 
at basic pH values, this is maybe due to a significantly 
high-electrostatic attraction that exists between the neg-
atively charged surface of the biosorbent and cationic 
dye. Also, the lower sorption capacity at equilibrium was 
observed at very acidic pH values (2 and 3), this is maybe 
due to the concurrency between hydronium ions and the 
cations of the MB. Also, the surface of the biosorbent was 
protonated with excessive H+, making the sites of the bio-
sorbent positively charged with strong electrostatic repul-
sion for cations [40,13]. On the other hand, the sorption 
capacities for the other pH values have not much signif-
icant difference. The values of the sorption capacities at 
equilibrium are between 15 and 16 mg g–1 for pH varying 
between 4 and 12, while they are 7 and 12 mg g–1 for pH 2 
and 3, respectively. This is why the next experiments will 
be carried out at natural pH (5.3).

3.2. Influence of biosorbent concentration

The effect of biosorbent concentration on the sorption 
capacity and percentage of removal of MB was investi-
gated using 200 mL of aqueous solution with initial dye 
concentration (C0) of 50 mg L–1 with 25°C temperature, nat-
ural pH (5.3), and 300 rpm stirring speed. The biosorbent 
amount was varied from 0.1 to 1.2 g. It is observed from 
Fig. 2 that the increase in the concentration of biosorbent 
led to an increase in the percentage of removal from 59.86% 
to 96.08%, this is because of the larger number of active 
sites available for the biosorption provided by a larger 
amount of biosorbent mass. However, increasing the bio-
sorbent concentration from 0.5 to 6 g L–1 caused a decrease 
in biosorption capacity from 59.86 to 8.01 mg g–1. This is 
because, for a fixed initial dye concentration, the amount 
of dye was shared over a larger mass as the dose of the 
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sorbent increased, therefore, the dye sorbed per unit of 
biosorbent mass decreased. Similar results were reported 
for dye sorption [41]. The increase in the percentage of 
removal is no longer significant when the sorbent concen-
tration exceeds 3 g L–1.

3.3. Influence of initial dye concentration and contact time

The biosorption of the dye was studied as a function of 
contact time, for different initial concentrations, in order to 
determine the required time for maximum sorption. The 
results are shown in Fig. 3. The biosorption at all dye con-
centrations rapidly increased initially and then gradually 
augmented until equilibrium was attained. It was observed 
that as the initial MB concentration increases, the equilib-
rium time increases. Equilibrium time increases from 120 to 
270 min when the initial dye concentration increases from 

25 to 400 mg L–1. The decreased biosorption rate, partic-
ularly, toward the end of experiments, indicates the possi-
ble monolayer formation of MB on the biosorbent surface 
[42,43]. Also, the sorption capacity was observed to increase 
with an increasing of initial concentration of dye. When 
the MB concentration increased from 25 to 400 mg L–1, the 
amount of MB sorbed increased from 7.83 to 62.62 mg g–1. 
The increase of initial dye concentration provided an 
increase in the biosorption capacity, since higher concentra-
tions contribute to a decrease in mass transfer resistance of 
solution to the sorbent surface, thus filling possible active 
sites still unoccupied at low dye concentrations [44,45].

3.4. Influence of ionic strength

The influence of ionic strength on the sorption of MB by 
PS was studied with a constant initial dye concentration 
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Fig. 1. Effect of pH on the biosorption capacity of methylene blue (sorbent concentration = 3 g L–1, dye concentration = 50 mg L–1, 
temperature = 25°C).

 

0

10

20

30

40

50

60

70

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5 6 7

q e
(m

g/
g)

%
 R

em
ov

al

Biosorbent concentra�on (g/L)

Fig. 2. Effect of sorbent concentration on the biosorption capacity and removal percentage of MB (dye concentration = 50 mg L–1, 
temperature = 25°C, pH = 5.3).
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of 50 mg L–1, a sorbent concentration of 3 g L–1, a natural 
pH, and a temperature of 25°C. The ionic strength of the 
dye solution was modified using different dosages of K2SO4 
(0–500 mg L–1). The ionic strength disfavors the sorption of 
dye (figure not shown), the biosorption capacity decreases 
slightly as K2SO4 concentration increases, when the salt 
concentration increased from 0 to 500 mg L–1, the amount 
of sorbed MB decreased from 15.66 to 13.59 mg g–1. This is 
because K+ ions in the aqueous phase compete effectively 
with positively charged dye cation for the same binding 
sites on the biosorbent surface. Additionally, salt screens 
the electrostatic interaction between sorbent and sorbate 
[46]. A similar trend was reported for the sorption of MB 
by milk thistle seeds [47]. This result is different from 
those reported by Dogan et al. [48]; where the dye adsorp-
tion slightly increases with the increasing salt (NaCl) con-
centration, and it is also different from those reported by 
Janos et al. [49]; they tested the effect of inorganic salts 
(NaCl and CaCl2) on some acid and basic dye adsorption 
and found that the dye adsorption was not affected.

3.5. Influence of temperature

The effect of temperature was investigated from batch 
experiments carried out at three constant temperatures 
25°C, 35°C and 45°C with a constant initial dye concen-
tration of 50 mg L–1, a sorbent concentration of 3 g L–1, and 
natural pH. An increase in temperature from 25°C to 45°C 
decreased the percentage removal from 90.55% to 84.73% 
(figure not shown), which corresponds to a decrease of 
sorption capacity from 45.28 to 42.36 mg g–1, respectively, 
indicating the exothermic nature of the biosorption process. 
This can be explained by the exothermicity of the sorp-
tion process and by the weakening of the bonds between 
the dye and the active sites of the sorbent for the highest 
temperatures. The high sorption rate at the beginning of 
sorption at high temperatures was due to the rate of dif-
fusion of the dye molecules across the external boundary 
layer, due to the decrease in the viscosity of the solution. 
Similar temperature effect was reported for MB dye 
sorption onto melon peel [50] and milk thistle seeds [47].

3.6. Biosorption kinetics modeling

Biosorption kinetics is one of the most important param-
eters in process design, which is important due to con-
trolling the process efficiency, describing the sorption rate, 
and determining the optimal practical conditions [51].

The modeling of the effect of initial dye concentration 
using the pseudo-first-order and pseudo-second-order 
kinetics proposed by Lagergren [52] and Blanchard [53,54], 
respectively, was applied to understand the sorption kinetics.

The linear forms of the pseudo-first and pseudo- second-
order equations are given, respectively, as follows:

ln lnq q q k te e− = −( ) 1  (1)

t
q k q q

t
e e

= +
1 1

2
2  (2)

where qe and q are the amounts of MB sorbed (mg g−1) at 
equilibrium and at time t (min), respectively, k1 is the rate 
constant of pseudo-first-order sorption (min−1) and k2 is the 
rate constant of pseudo-second-order sorption (g mg−1 min−1). 
The initial sorption rate, h (mg g−1 min−1) is expressed as:

h k q= 2
2  (3)

Plotting ln(qe − q) versus time for the various initial dye 
concentrations (figure not shown) allows for the calcula-
tions of pseudo-first-order parameters, k1 and qe. Similarly, 
the pseudo-second-order kinetic constant, k2 (g mg–1 min–1), 
the initial sorption rate and the amount of dye sorbed at 
equilibrium, qe (mg g–1), can be calculated from the inter-
cept and slope of the plot between t/q vs. t (Fig. 4). Kinetic 
parameters and the corresponding r2 values are shown 
in Table 1. From Table 1, the low r2 values and the qe val-
ues predicted using the Lagergren plot fails to predict the 
qe values for all initial dye concentrations studied. Unlike 
Blanchard’s model, the relatively higher r2 value (>0.99) 
for pseudo-second-order kinetics and the convergence 
between the theoretically predicted qe and the experimental 
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qe values, suggested that the sorption of MB by PS fol-
lows a pseudo-second-order kinetics. This confirmed that 
the rate-limiting step is chemisorption, involving valence 
forces through sharing or exchange of electrons [6,55].

3.7. Biosorption isotherm modeling

The equilibrium isotherms in this study were analyzed 
using the Langmuir, Freundlich, and Temkin isotherms. 
The Langmuir isotherm theory assumes monolayer cov-
erage of sorbate over a homogenous sorbent surface [56]. 
Freundlich isotherm is an experimental model based on 
sorption on heterogeneous surfaces [57]. Temkin and Pyzhev 
[58] considered the effects of some indirect sorbate/sorbate 
interactions on sorption isotherms and suggested that 
because of these interactions the heat of sorption of all the 
molecules in the layer would decrease linearly with cov-
erage. The Langmuir, Freundlich, and Temkin isotherms 
are given by the following equations, respectively:

C
q bq q C
e

e m m e

= +
1 1 1  (4)

where qe (mg g–1) and Ce (mg L–1) are the equilibrium sorp-
tion capacity and equilibrium dye concentration, respec-
tively, qm (mg g–1) is the maximum sorption capacity and b 
(L mg–1) is the Langmuir constant related to the free energy 
of sorption.

ln ln lnq K
n
Ce F e= +

1  (5)

where n and KF (mg1–1/n L1/n g–1) are Freundlich constants 
indicative of the intensity of the sorption and the relative 
sorption capacity of the sorbent, respectively.

ln ln lnq RT
b

a RT
b

Ce
t

t
t

e= +  (6)

where bt is the Temkin constant related to the heat of sorp-
tion (J mol−1), at is the Temkin isotherm constant (L mg−1), 

R is the universal gas constant (8.314 J mol−1 K−1) and T is 
the absolute temperature (K).

These three equations were fitted to the experimental 
equilibrium data for MB at different temperatures and the 
obtained results are plotted in Figs. 5–7.

In the present study in addition to the widely used, r2, 
the average percentage error (APE) is used to minimize 
the error distribution between the experimental equilib-
rium data and predicted isotherms. The average percentage 
errors (APE) are calculated as follows:

APE

exp cal

exp%( ) =

−

×
∑
q q

q

N

e e

e

N

1
100  (7)

The subscripts ‘exp’ and ‘cal’ show the experimental and 
calculated values, respectively, and N is the number of 
experimental data.

The model’s parameter values, the values of APE and 
determination coefficients are shown in Table 2. According 
to Freundlich and Temkin sorption isotherms, the fitting 
r2 for different temperatures are less than 0.973 and 0.983, 
respectively. While, the fitting r2 with Langmuir sorption 
isotherm for temperatures of 25°C, 35°C, and 45°C are 0.992, 
0.994, and 0.990, respectively. Also, the values of APE, 
using the Langmuir model, for different temperatures are 
the smallest, showing that the equilibrium experimental 
data was better described by the Langmuir equation with 
a maximum sorption capacity qm of 74.3 mg g–1 at 25°C. 
According to the exothermic nature of the sorption process, 
the maximum sorption capacity decreases with an increase 
in temperature. Various treated biosorbents have been 
applied in the removal of MB from the aqueous solution, 
as reported in the previous literature, for comparison pur-
poses. These results can be compared with other authors 
in term of the maximum sorption capacity: activated car-
bon developed from Ficus Carica bast (qm = 47.62 mg/g) 
[6], modified Pumice Stone (qm = 106.383 mg/g) [59], 
Carica papaya wood (qm = 32.25 mg/g) [60], Potato shell 
(qm = 48.7 mg/g) [61], Scenedesmus (qm = 61.69 mg/g) [62], 

Table 1
Pseudo-first-order and pseudo-second-order kinetic models constants and determination coefficients at various initial dye 
concentrations

Pseudo-first-order model Pseudo-second-order model

C0 (mg L–1) qe (exp) (mg g–1) r2 k1 (min–1) qe (cal) (mg g–1) r2 k2 (g mg–1 min–1) qe (cal) (mg g–1) h (mg g–1 min−1)

25 7.83 0.9364 0.0431 3.3059 0.99995 0.04022 7.94281 2.54
50 15.66 0.8758 0.0267 6.6006 0.99991 0.01114 16.02307 2.86
100 30.01 0.9426 0.0146 14.5554 0.99935 0.00285 30.88326 2.72
150 45.28 0.9855 0.0119 27.8087 0.99745 0.00110 46.99248 2.43
200 56.25 0.9611 0.0137 38.9937 0.99690 0.00082 58.82353 2.84
250 62.25 0.9521 0.0122 42.8626 0.99700 0.00065 65.23157 2.78
300 57.68 0.9549 0.0135 30.4809 0.99780 0.00115 60.02401 4.15
350 61.91 0.9528 0.0156 31.9190 0.99954 0.00124 64.26735 5.12
400 62.62 0.9746 0.0288 55.1689 0.99892 0.00098 66.44518 4.31
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Paspalum maritimum (qm = 56.18 mg/g) [45]. It is concluded 
that untreated palm spathe is amongst the most efficient 
sorbents and has the potential to be used as a biosorbent for 
the removal of MB from aqueous solutions. 

The essential characteristics of the Langmuir isotherm 
can be expressed in terms of a dimensionless constant sepa-
ration factor “RL” that is given by the following equation [63]:

R
b CL =

+ ×
1

1 0

 (8)

where C0 (mg L–1) is the initial concentration of dye and b 
(L mg–1) is the Langmuir constant. The values of RL indi-
cate the type of isotherm to be irreversible (RL = 0), favor-
able (0 < RL < 1), linear (RL = 1), or unfavorable (RL > 1). From 
Fig. 8, the values of RL in the present investigation have 
been found less than 1 at 25°C–45°C indicating that the 

biosorption of MB by PS is favorable. Similar results were 
reported for dye sorption [6].

3.8. Thermodynamic parameters of sorption

Thermodynamic parameters evaluated for MB sorption 
by PS are the free energy change (ΔG°), enthalpy change 
(ΔH°) and entropy change (ΔS°). It is possible to calculate 
Gibbs energy changes for the sorption process by using 
the equilibrium constant (b) obtained for each tempera-
ture from the Langmuir model according to the following 
equation:

∆G RT b° = − ln  (9)

Table 2
Isotherm constants for methylene blue biosorption by Palm 
spathe

25°C 35°C 45°C

Langmuir

b (L mg−1) 0.0871 0.0699 0.0691
qm (mg g−1) 74.2942 72.6216 64.0205
r2 0.9919 0.9937 0.9897
APE (%) 9.1 5.1 7.3

Freundlich

n 2.1306 2.1835 2.3562
KF (mg1−(1/n)L1/ng–1) 10.4239 9.5702 9.2206
r2 0.9259 0.9726 0.9476
APE (%) 19.9 16.7 18.4

Temkin

at (L mg−1) 0.8653 0.7672 0.7645
bt (J mol−1) 152.8907 168.1170 198.0566
r2 0.9585 0.9825 0.9710
APE (%) 16.8 12.7 12.4

 

Fig. 5. Langmuir plot for the sorption of MB by PS at dif-
ferent temperatures (conditions: initial dye concentra-
tion = 25–400 mg L−1; sorbent dosage = 0.6 g/200 mL; stirring 
speed = 300 rpm; pH 5.3).

 

Fig. 7. Temkin plot for the sorption of MB by PS at dif-
ferent temperatures (conditions: initial dye concentra-
tion = 25–400 mg L−1; sorbent dosage = 0.6 g/200 mL; stirring 
speed = 300 rpm; pH 5.3).

 

Fig. 6. Freundlich plot for the sorption of MB by PS at dif-
ferent temperatures (conditions: initial dye concentra-
tion = 25–400 mg L−1; sorbent dosage = 0.6 g/200 mL; stirring 
speed = 300 rpm; pH 5.3).
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where R is the universal gas constant, b is the equilib-
rium constant, T is the temperature (K) and ∆G° is the free 
energy change (J/mol).

The enthalpy and entropy changes of sorption can be 
determined through the slope and intercept of the line pro-
duced by drawing ∆G° vs. T according to the following 
equation:

∆ ∆ ∆G H T S° = ° − °  (10)

The negative values of the standard Gibbs free 
energy at various temperatures (–25.358 kJ mol–1 at 298 K,  
–25.646 kJ mol–1 at 308 K and –26.449 kJ mol–1 at 318 K) indi-
cated the spontaneous nature of the sorption of MB by PS. 
In accord with temperature effect, the negative value of the 
standard enthalpy (–9.023 kJ mol–1) indicates the exother-
mic nature of the sorption of MB by the biosorbent. Positive 
value of the entropy change (51.53 J mol–1 k–1) corresponds 
to an increase in the degree of freedom of the sorbed species.

4. Conclusion

The palm spathe is a locally available, low-cost material 
and can be used as an alternative sorbent for the removal 
of MB or other cationic dyes from aqueous solutions with-
out any chemical, heat, or other pretreatment. The bio-
sorption of MB depended on pH and temperature; the 
optimum pH was in the range of 5.0–10.0, and the sorption 
is favored by low temperatures. The ionic strength disfavors 
the sorption of dye.

The removal of MB increases by increasing sorbent 
dosage. Increasing the initial concentration of MB leads 
to an increase in sorption.

Kinetic results for the biosorption of MB by PS were better 
described by the pseudo-second-order model. Equilibrium 
data fitted very well with Langmuir isotherm equation. 
The maximum monolayer sorption capacity was found to 
be 74.3 mg g–1 at 25°C. Thermodynamic parameters show 
that the sorption of MB by PS is spontaneous, favorable, and 
exothermic.

Therefore, the biosorbent is expected to be success-
fully utilized as a low-cost, alternative, eco-friendly, and 

effective sorbent for the removal of MB dye from aqueous  
solutions.
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