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a b s t r a c t
This article reports the application of United Arab Emirates (UAE) Arecaceae leaves biochars 
for adsorptive removal of Rhodamine B (RhB) from an aqueous solution at room temperature. 
Adsorption of RhB onto Arecaceae leaves biochar was proved by using Fourier-transform infra-
red spectroscopy. The morphology of Arecaceae leaves biochar was investigated by scanning elec-
tron microscopy. The influence of operational parameters on the percentage removal of RhB was 
explored in detail. Results showed that the percentage removal of RhB was increased with contact 
time and mass of UAE Arecaceae leaves biochar, whereas presented an inverse relation with ini-
tial concentration of RhB dye solution as well as temperature. Adsorption kinetics study showed 
that RhB adsorption onto UAE Arecaceae leaves biochar fitted to pseudo-second-order kinetics ren-
dering the value of correlation coefficient (R2 = 0.998) close to unity. Several adsorption isotherms 
were used to explore adsorption of RhB onto UAE Arecaceae leaves biochars. Results represented 
that RhB adsorption onto Arecaceae leaves biochars fitted well to Langmuir isotherm with correla-
tion coefficient value close to unity (R2  =  0.999). The values of Gibb’s  free  energy  (ΔG°), enthalpy 
(ΔH°),  and  entropy  (ΔS°) were measured to study adsorption thermodynamics for the dye onto 
Arecaceae leaves biochars. Attained results represented that RhB adsorption from an aqueous solu-
tion onto Arecaceae  leaves biochars was an exothermic process  (ΔH° = –16.30 kJ/mol). The positive 
value of Gibb’s free energy showed that RhB adsorption was a non-spontaneous process.

Keywords:  UAE Arecaceae leaves biochar; Rhodamine B; Non-spontaneous process; Pseudo-second- 
order model; Physical adsorption process

1. Introduction

Water pollution is one of the most serious environ-
mental issues being faced by the living organisms, among 
which, dyes have contributed enormous damage to water 
bodies and also greatly impact human health due to their 
high toxicity and carcinogenicity [1]. Rhodamine B (RhB) 

is a synthetic carcinogenic cationic xanthene dye, widely 
used in textile printing and dyeing, leather, colored glass, 
paint and other industries can also be used as biological 
dyeing and organic reagent for some metals detection [2]. 
RhB wastewater with high chromaticity discharged into 
the water, not only disturbs the landscape, but also reduces 
the transmittance of light and hinders the photosynthesis 
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of aquatic plants [3]. In the degradation process, RhB 
may be converted into more toxic intermediate products, 
which could accumulate in the environment and organ-
isms for a long term, ultimately causing serious impact 
and harms to the natural environment, animals and plants 
[4,5]. Therefore, it is imperative to find an efficient and 
simple method to remove RhB.

A variety of methods such as electrooxidation, advanced 
oxidation processes (AOPs), coagulation and flocculation, 
adsorption, biological degradation and membranes pro-
cesses were utilized for decoloration and degradation of 
dyestuff from wastewater [6,7]. Among these methods, 
adsorption is most extraordinary one for dye removal from 
an aqueous solution due to its simplicity, high efficiency, 
and ease of operation as well as the presence of a wide 
range of adsorbents [8,9]. Besides, it is favorable method 
because of low cost, regeneration of adsorbent, applicabil-
ity for wide range of adsorbate, no pre-treatment needs, 
and non-extended of harmful residues [7,10,11].

Several adsorbents which exhibited excellent capabil-
ity were already investigated [12,13]. The commercially 
activated carbon is highly efficient for the removal of color 
but its high cost has blocked its large-scale application [14]. 
Many adsorbents such as hen feather [15], layered dou-
ble hydroxides (LDHs) [16], walnut husk [17], synthesized 
metal- and halide-free variant of ordered mesoporous car-
bon (OMC) [10], metal–organic framework (MOF) [18], chi-
tosan grafted polyaniline-OMMT nanocomposite [19], OMC 
[20], biomass of penicillium YWO1 [21], Kahwa tea (Camellia 
sinensis) carbon [22], ash of black turmeric rhizome [23], 
biochars from crop residues [24], papaya peel carbon [25], 
Curcuma caesia based activated carbon [26], Ag doped MnO2-
CNT nano-composite [27], OMC [28], guar gum/activated 
carbon nanocomposite [29], polymeric ion exchange mem-
branes [8,30,31], composites [32], natural zeolite [33], natu-
ral clinoptilolite [34], sesame hull [35], etc. were applied as 
adsorbents for the discharge of dyes from an aqueous solu-
tion. Agriculture by-products represented its efficiency as a 
low-cost adsorbent and they mostly required chemical treat-
ment to enhance adsorption performance toward dyes [36]. 
Contrary, some adsorbents did not exhibit higher adsorp-
tion efficiency for the anionic dyes due to their anionic 
or hydrophobic surfaces [14]. Therefore, it is of utmost 
importance to find most efficient and low-cost adsorbent 
for the removal of dyes from an aqueous solution.

In this research, the application of United Arab Emirates 
(UAE) Arecaceae leave biochars for the adsorption of RhB 
from an aqueous solution was explored at room tempera-
ture. The adsorptive removal of RhB by using UAE Arecaceae 
leaves biochars has not been reported yet to the best of our 
knowledge. Fourier-transform infrared spectroscopy (FTIR) 
was employed to confirm adsorption of RhB onto Arecaceae 
leaves biochar. The morphology of Arecaceae leaves biochar 
was evaluated by scanning electron microscopy in detail. 
The inluence of operating parameters including contact 
time, mass of Arecaceae leaves biochar, initial concentration 
of RhB in aqueous solution and temperature on the per-
centage removal of RhB was revealed in detail. For RhB 
adsorption onto Arecaceae leaves biochar, adsorption iso-
therm, kinetic and thermodynamic investigations were also  
conducted.

2. Experimental

2.1. Materials

Rhodamine B (RhB), sodium hydroxide (NaOH) and 
hydrochloric acid (HCl) were purchased from Sinopharm 
Chemical Reagent Co., Ltd., China. The Arecaceae leaves 
were obtained from local Arecaceae trees present in the sus-
tainability garden of the University of Sharjah, Sharjah, 
United Arab Emirates (UAE). All the chemicals were utilized 
as received. Deionized (DI) water was utilized throughout 
the work.

2.2. Preparation of palm leaves biochar (adsorbent)

Initially, the Arecaceae tree leaves (biomass) were cleaned 
with deionized (DI) water repeatedly to withdraw dust par-
ticles. After that, they were cut into 1–2 cm length pieces 
and oven dried at 80°C for 12 h to evaporate water and 
moisture content. The ultra-centrifugal mill (Model ZM 200, 
Retsch, Germany) at (< 0.25 mm) mesh was used to grind the 
dried palm leaves (biomass). It was then converted to bio-
char by pyrolysis for 60 min at 550°C employing a heating 
rate of 10°C/min. The flow of nitrogen gas (200 mL/min) 
using quartz tube furnace (Model STG-110-17, SAF Therm, 
China) was used to conduct pyrolysis process. The process 
of preparation Arecaceae leaves biochar is shown in Fig. 1.

2.3. Adsorbate

In this research, Rhodamine B (RhB) was employed as a 
model pollutant. The molecular formula is C28H31ClN2O3. Its 
molar mass is 479.02 and structure is represented in Fig. S1.

2.4. Batch adsorption of RhB

Batch RhB adsorption from an aqueous solution onto 
UAE Arecaceae leaves biochar was performed as reported 
in our previous work (Section S1 for detail in Supporting 
information) [14,30,37–39].

2.5. Instrumentations

The biochar before and after RhB adsorption was 
studied by using FTIR spectrometer (Vector 22, Bruker, 
Massachusetts, MA, USA) containing resolution of 2 cm–1 
and total spectral range of 4,000–400 cm–1 by utilizing 
attenuated total reflectance (ATR). Morphology was stud-
ied by using field-emission scanning electron microscope 
(FE-SEM, SIRION 200, FEI Company, USA).

2.6. Adsorption isotherms

Experimental data for RhB adsorption onto biochar 
was subjected to several adsorption isotherms including 
Langmuir, Freundlich, Temkin and Dubinin–Radushkevich 
(D-R) (Section S2 for detail in Supporting information).

2.7. Adsorption kinetics

Adsorption kinetics for RhB adsorption was illus-
trated by using kinetic models such as pseudo-first-order, 
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pseudo-second-order, Elovich model, liquid-film diffusion 
model, modified Freundlich equation and Bangham equa-
tion (Section S3 for detail in Supporting information).

2.8. Adsorption thermodynamics

The  change  in  Gibb’s  free  energy  (ΔG°), enthalpy 
(ΔH°)  and  entropy  (ΔS°) were measured to study adsorp-
tion thermodynamics as described (Section S4 for detail 
in Supporting information) [7,14].

3. Results and discussion

3.1. Fourier-transform infrared spectroscopy

The successful RhB adsorption onto Arecaceae leaves bio-
char was proved by using FTIR spectroscopy and attained 
results are shown in Fig. S2. The broad peak at 3,339 cm–1 
was associated to the O–H stretching vibration of carboxylic 
acid alcohol and phenol groups of Arecaceae leaves [40]. The 
peak around 1,630 cm–1 was ascribed to C=C bond in aro-
matic ring and it can also represent H–O–H bending band 
of water [41,42]. The peak in between 484 cm–1 was related 
to aromatic C–H groups of Arecaceae leaves [40]. The peak 
at 2,941 and 2,847 cm–1 were attributed to alkyl (–CH ) and 
C=O stretching vibration [43] and also the peak at 1,738 cm–1 
was due to C–O of carboxyl, aldehyde, ketone, and ester 
groups. The peak at 1,444 cm–1 was attributed to aliphatic 
C–H, the peak located at 1,114 cm–1 was assigned to C–O–C 
in cellulose and hemicelluloses.

After RhB adsorption onto Arecaceae leaves biochar, 
the peak intensities decreased significantly which proved 
RhB’s adsorption onto palm leaves biochar from an 
aqueous solution.

3.2. Morphology

Adsorption of dyes is dependent on morphology of 
adsorbents. Morphology of Arecaceae leaves biochar was 
revealed by using scanning electron microscopy (SEM). 
Attained micrograph is shown in Fig. S3. It was observed 
that morphology of Arecaceae leaves biochar was uneven. 
The rough surface can enhance the adsorption of dye by 
increasing the surface area of the adsorbent. The surface of 
Arecaceae leaves biochar showed pores on it. This porous 
structure of biochar can further result in an increase of 
RhB adsorption from an aqueous solution.

3.3. Effect of operating factors

3.3.1. Effect of contact time

The removal of RhB from an aqueous solution was 
highly dependent on contact time. The effect of contact 
time on the removal of RhB was demonstrated by varying 
time from 30 to 1,440 min. Fig. 2a represents the influence 
of contact time on the percentage removal of RhB from an 
aqueous solution at room temperature. The removal of RhB 
was enhanced with enhancing contact time. Fig. 3 gives an 
interesting comparison of RhB removal performance of bio-
char with other reported adsorbents reported in literature. 
Results showed that the percentage removal of RhB was 
increased from 54% to 94% with increase in contact time. 
As represented in Fig. 2a, the removal of RhB was rapid in 
the beginning because of presence of several empty sites 
for RhB adsorption onto the biochar surface. The removal 
of RhB was slowed with time passage. It achieved satura-
tion after 300 min. It denoted that equilibrium was occurred 
after 300 min. This optimum time was employed for 
conduction of future experiments.

 
Fig. 1. Preparation of Arecaceae leaves biochars.
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Fig. 2. (a) Effect of contact time (initial concentration of RhB = 20 mg/L, amount of biochars = 0.30 g), (b) effect of mass of biochar 
(initial concentration of RhB = 20 mg/L, contact time = 1,440 min), (c) effect of initial concentration of RhB dye solution (contact 
time = 1,440 min, amount of biochars = 0.30 g), and (d) effect of temperature onto the removal of RhB from aqueous solution by 
biochar (initial concentration of RhB = 20 mg/L, contact time = 1,440 min, amount of biochars = 0.30 g).

 
Fig. 3. Comparison of RhB removal performance of biochar with other reported adsorbents [44–51].
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3.3.2. Effect of mass of biochars

The effect of mass of biochars on RhB removal at 
room temperature was investigated by changing mass 
of biochars from 0.05 to 0.30 g. Fig. 2b shows the effect of 
masses of biochar on the percentage removal of RhB. It was 
observed that the removal of RhB was enhanced from 8% 
to 94% with increasing the mass of biochars. It was associ-
ated to increase in number of active sites with enhancing 
mass of biochars from 0.05 to 0.30 g. Similar results were 
reported in our previous work [7,8,14].

3.3.3. Effect of initial concentration

Fig. 2c depicts the effect of initial concentration on the 
percentage removal of RhB from an aqueous solution at 
room temperature. Attained results exhibited a decrease in 
percentage removal of RhB from 91% to 40% with increase 
in initial concentration of RhB in an aqueous solution. The 
decrease in percentage removal was associated to satu-
ration of the active sites of the biochar by increasing the 
initial concentration of RhB into an aqueous solution [14,30].

3.3.4. Effect of temperature

The effect of temperature on the percentage removal 
of RhB from an aqueous solution by using biochars was 
studied and attained results are presented in Fig. 2d. A 
decline in percentage removal of RhB was observed with 
rise in temperature. It was found that the removal of RhB 
decreased from 91% to 83% with increase in temperature 

from 298 to 333 K. It showed that adsorption of RhB from an 
aqueous solution onto biochars was an exothermic process.

3.4. Adsorption kinetics for RhB adsorption onto biochar

Adsorption kinetics were evaluated by employing sev-
eral adsorption kinetic models such as pseudo-first-order, 
pseudo-second-order, Elovich model, liquid-film diffu-
sion model, modified Freundlich equation and Bangham 
equation. Fig. 4a depicts the plot of pseudo-first-order 
model for RhB adsorption onto biochar. The correlation 
coefficient (R2) value was 0.912. The adsorption capacity (qe) 
was determined from intercept of the plot of pseudo-first- 
order model and is given in Table 1. There was a large 
difference between the values of experimental adsorption 
capacity (1.25 mg/g) and calculated adsorption capacity 
(4.40 mg/g). Hence, pseudo-first-order model can’t explain 
the rate process for RhB adsorption onto biochar. The 
graphical representation of pseudo-second-order model 
is shown in Fig. 4b. The determined adsorption capacity 
value (1.30 mg/g) is given in Table 1 which was in good 
agreement with the experimental adsorption capacity 
(1.25 mg/g). The correlation coefficient value (R2 = 0.998) for 
pseudo-second-order model was close to unity. Therefore, 
RhB adsorption onto biochar fitted well to pseudo-sec-
ond-order model. Fig. 4c denotes the plot of Elovich model 
and the calculated values of its factors (α and β) are given 
in Table 1. The correlation coefficient value (R2 = 0.828) was 
smaller than pseudo-second-order model. Therefore, it 
was not convenient to explain RhB adsoprtion onto biochar 

 
Fig. 4. (a) Pseudo-first-order model, (b) pseudo-second-order model, (c) Elovich model, (d) liquid-film diffusion model, 
(e) modified Freundlich equation and (f) Bangham equation for RhB from an aqueous solution onto biochar.
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from an aqueous solution. The grphical respresentation 
of liquid-film diffusion model is shown in Fig. 4d and the 
measured value of Kfd is given in Table 1. The correlation 
coefficient value (R2 = 0.916) was smaller than pseudo- 
second-order model. Hence, it can’t explain RhB adsorp-
tion onto biochar from an aqueous solution. The plot of 
modified Freundlich equation for RhB adsorption is rep-
resented in Fig. 4e. The determined values of its factors 
are given in Table 1. The correlation coefficient value 
(R2 = 0.802) was quite less than 1 suggesting its unsuitabil-
ity for RhB adsorption onto biochar from an aqueous solu-
tion. In addition, the Bangham equation plot is represented 
in Fig. 4f and the determined values of its factors are given 
in Table 1. The double logarithmic plot did not give lin-
ear curves showing that the diffusion of adsorbate (RhB) 
into pores of the adsorbent (biochar) is not the only rate 
controling step [31,52]. It may be that both film and pore 
diffusion were crucial to different extent for adsorpion of  
RhB onto biochar from wastewater.

3.5. Adsorption isotherms

Experimental data for RhB adsorption onto biochars was 
subjected to several adsorption isotherms such as Langmuir 
isotherm, Freundlich isotherm, Temkin isotherm and 
Dubinin–Radushkevich (D-R) isotherm. Fig. 5a represents 
Langmuir adsorption isotherm for RhB adsorption from 
an aqueous solution onto biochars and the attained values 
of its factors are shown in Table 2. The correlation coeffi-
cient (R2 = 0.999) value was close to unity representing that 

RhB adsorption onto biochar fitted to Langmuir isotherm. 
The RL value (0.0042–0.010) represented that RhB adsorp-
tion was a favorable process. Fig. 5b depicted Freundlich 
adsorption isotherm for RhB adsorption and the obtained 
values of its factors are represented in Table 2. The correla-
tion coefficient value (R2 = 0.785) showed that RhB adsorp-
tion followed Freundlich adsorption isotherm. The value 
of Freundlich constant ‘n’ was found to be 1.21 suggesting 
that RhB adsorption onto biochar was favorable because the 
value of “n” ranges from 2–10 representing good adsorp-
tion, 1–2 moderate adsorption and less than one shows 
poor adsorption [7,14]. Temkin isotherm for RhB adsorp-
tion onto biochars is shown in Fig. 4c. Attained values of bT 
and AT are given Table 2. The correlation coefficient value 
(R2 = 0.788) denoted that RhB adsorption onto biochars fol-
lowed Temkin isotherm. Fig. 4d denotes D-R adsorption 
isotherm for RhB adsorption onto biochar. The determined 
values of its endowments are given in Table 2. Attained value 
of mean adsorption energy (E) was 2.70 kJ/mol. It showed 
that RhB adsorption onto biochar was physical adsorption 
process [53,54]. The value of E higher than 8 kJ/mol means 
chemical ion exchange adsorption process whereas the value 
of E lower than 8 kJ/mol is the characteristic of physical  
adsorption process [55].

3.6. Adsorption thermodynamics

The changes in Gibb’s free energy (ΔG°), enthalpy (ΔH°), 
and  entropy  (ΔS°) were measured to explore adsorption 
thermodynamics for RhB adsorption onto biochar. Fig. 6 
represents the plot of 1/T vs. lnKc for RhB adsorption onto 
Arecaceae leaves biochar. The determined values of thermo-
dynamic factors are represented in Table 3. As shown in 
Table 3, the value of enthalpy (ΔH° = –16.30 kJ/mol) was neg-
ative respresenting that RhB adsorption onto biochar was 
exothermic process whereas the negative value of entropy 

Table 1
Calculated values of kinetic parameters for adsorption of RhB 
onto United Arab Emirates Arecaceae leaves biochar

Kinetic models Measured parameters

Pseudo-first-order model

qe,exp. 1.25
qe,cal. 4.40
k1 ´ 10–3 1.98
R2 0.912

Pseudo-second-order model
qe 1.30
k2 ´ 10–2 2.16
R2 0.998

Elovich model
α 0.52
β 6.25
R2 0.828

Liquid-film diffusion model
Kfd ´ 10–3 7.31
Cfd –0.44
R2 0.916

Modified Freundlich equation
m 6.15
K ´ 10–2 2.10
R2 0.802

Bangham equation
ko 0.42
α 0.16
R2 0.802

qe: mg/g; k1: (min–1); k2: g/mg·min; α: mg/g·min; β: g/mg; 
Kfd: (min–1); K: L/g·min; ko: mL/g·L

Table 2
Measured parameters of adsorption isotherm for adsorption of 
RhB onto United Arab Emirates Arecaceae leaves biochar

Adsorption isotherms Measured parameters

Langmuir isotherm
Qm 1.33
KL 4.76
R2 0.999

Freundlich isotherm

RL 0.0042–0.010
n 35.71
kF 1.21
R2 0.785

Temkin isotherm
AT 1.03 ´ 1015

bT 69,954
R2 0.788

D-R isotherm

qe 1.31
β 0.067
R2 0.936
E 2.70

Qm (mg/g); KL (L/mol); kF ((mg/g)(L/mg)1/n); Cm (mol/g); 
β (mol2/J2); E (kJ/mol)
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(ΔS°= –35.32 J/mol) showed decrease in randomness at the 
adsorbate–adsorbent interface during the adsorption of 
RhB onto biochar [7]. The Gibb’s free energy was found to 
be positive at all the investigated temperatures. It increased 
from 10.51 to 11.75 kJ/mol with increasing temperature from 
298 to 333 K which may be due to the intraction between 
adsorbent and adsorbate, with unbalanced competition 
imputed to heterogeneity of biochar surface and system 
received energy from external source at elevated tempera-
tures [7,14]. In addition, the positive value of Gibb’s free 

 
Fig. 5. (a) Langmuir isotherm, (b) Freundlich isotherm, (c) Temkin isotherm and (d) Dubinin–Radushkevich (D-R) isotherm for 
RhB adsorption of RhB from an aqueous solution onto biochar.

 
Fig. 6. Plot of 1/T vs. lnKc for RhB adsorption onto Arecaceae 
leaves biochars.

Table 3
Determined thermodynamic parameters for RhB adsorption 
onto United Arab Emirates Arecaceae leaves biochar

Temperature (K) ΔH (kJ/mol) ΔS (J/mol) ΔG (kJ/mol)

298

–16.30 –35.32

10.51
313 11.04
323 11.40
333 11.75
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energy represented that RhB adsorption onto biochars 
was non-spontaneous process.

4. Conclusions

In this work, RhB adsorption of from an aqueous solu-
tion onto UAE Arecaceae leaves biochar was investigated. 
FTIR spectroscopy demonstrated RhB adsorption onto 
the used adsorbent. The percentage removal of RhB was 
increased from 54% to 94%, and 8% to 94% with contact 
time and mass of UAE Arecaceae leaves biochar, respectively 
while decrease from 91% to 40% and 91% to 83% with ini-
tial concentration of RhB solution and temperature, respec-
tively. Results of adsorption kinetic evaluation represented 
that RhB adsorption fitted to pseudo-second-order kinetic 
model. Adsorption of RhB onto UAE Arecaceae leaves bio-
char fitted well to Langmuir isotherm. The negative value of 
change  in  enthalpy  (ΔH°= –16.30 kJ/mol) showed that RhB 
adsorption onto UAE Arecaceae leaves biochar was exother-
mic process. Besides, the positive value of Gibb’s free energy 
showed that RhB adsorption was non-spontaneous process. 
This study demonstrated that UAE Arecaceae leaves bio-
char could be employed as a extraordinary adsorbent for 
RhB adsorption from an aqueous solution.
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Supplementary information:

S1. Batch adsorption of Rhodamine B

Firstly, we prepared an aqueous solution of Rhodamine 
B (RhB) by dissolving a measured amount at room tem-
perature. To investigate the effect of contact time on RhB 
adsorption onto UAE palm leaves biochars, the calculated 
quantity (0.30 g) was shaken into 20 mL of RhB aqueous 
solution with initial concentration of 20 mg/L at different 
time intervals such as 30, 60, 120, 180, 240, 300, 1,200 and 
1,440 min at shaking speed of 200 rmp. The optimized mass 
of UAE palm leaves biochars was determined by shaking 
different quantities by varying mass from 0.05, 0.10, 0.15, 
0.20, 0.25 and 0.30 g into 20 mL of RhB aqueous solution 
with initial concentration of 20 mg/L at shaking speed 
of 200 rmp at room temperature. The determined amount 
of UAE palm leaves biochar (0.30 g) was shaken at speed 
of 200 rmp into 20 mL of RhB aqueous solution with differ-
ent initial concentration of RhB aqueous solution varying 
from 20, 25, 30, 35, 45, and 50 mg/L for 300 min at room 
temperature to determine adsorption isotherms. Similarly, 
the calculated amount of UAE palm leaves biochar (0.30 g) 
was shaken at 298, 313, 323 and 333 K for 300 min at speed 
200 rmp into 20 mL of RhB aqueous solution with initial 
concentration of 20 mg/L to study adsorption thermo-
dynamics. The RhB concentration was measured by uti-
lizing UV-Vis Spectrophotometer (UV-2550, Shimadzu, 
Kyoto, Japan) by calculating the absorbance of the super-
natant at wavelength (λmax = 556 nm for RhB). The RhB 
concentration of was measured by employing calibration 
curve. The removal of RhB was measured by utilizing the  
relationship Eq. (S1):

Removal �
�

�
C C
C
o t

o

100  (S1)

where Co and Ct are concentrations of RhB at initial state 
and at time t, respectively. Similarly, V is volume of dye 
aqueous solution and W is the mass of UAE Arecaceae 
leaves biochar.

S2. Adsorption isotherms

S2.1. Langmuir isotherm

It is based on the maximum adsorption corresponding 
to the saturated monolayer of liquid molecules on the solid 
surface. It is expressed as [S1].

C
q K Q

C
Q

e

e L m

e

m

� �
1  (S2)

where Ce is supernatant concentration at equilibrium state 
of the system (mg/L), Qm is Langmuir monolayers adsorp-
tion capacity, KL is Langmuir constant (L/mg)(mg/g), and 
qe is the amount of dye adsorbed at equilibrium state of 
system (mg/g). The Langmuir isotherm essential charac-
teristics can be shown in term of dimensionless constant 
separation factor RL that is expressed as [S2].

R
K CL
L o

�
�

1
1

 (S3)

The value of RL showed the shape of the isotherm to 
be either unfavorable (RL > 1), linear (RL = 1), favorable 
(0 < RL > 0), or irreversible (RL = 0) [S3].

S2.2. Freundlich isotherm

It is utilized to explain heterogeneous system. It is shown 
as [S4]:

log log logq K
n

Ce f e� �
1  (S4)

where Kf and nF are Freundlich constant.

S2.3. Temkin isotherm

It is given as [S5]:

q B A B Ce T T T e� �ln ln  (S5)

where BT = RT/bT, R is gas constant (8.31 J/mol·K) and 
T is absolute temperature (K). The constant bT is related 
to the heat of adsorption and AT is equilibrium binding 
constant coinciding to the maximum binding energy.

S2.4. Dubinin–Radushkevich (D-R) isotherm

It is represented as [S5]:

ln lnq qe m� ���2  (S6)

where β (mol2/kJ) is constant related to the adsorption 
energy  and  ε  is  the  Polanyi  potential  can  be measured  by 
employing the Eq. (S7).
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Ce
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Fig. S1. Chemical structure of Rhodamine B dye.
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where R is gas constant (8.31 kJ/mol) and T is absolute 
temperature (K). The mean free energy E (kJ/mol) can be 
determined by the relationship Eq. (S8).

E �
1
2�

 (S8)

S3. Adsorption kinetics

S3.1. Pseudo-first-order model

It is shown as [S6–S9]:

log log
.

q q q
k t

e t e�� � � � 1

2 303
 (S9)

where k1 (/min), qe and qt represent rate constant of pseu-
do-first-order model, concentration of RhB adsorbed at 
equilibrium and time t, respectively.

S3.2. Pseudo-second-order model

Its linear form is represented as [S9,S10]:

t
q k q

t
qt e e

� �
1

2
2  (S10)

where k2 (g/mg·min) is the rate constant of pseudo-second- 
order model.

S3.3. Elovich model

It is given as [S11,S12]:

q tt � � � �1 1
�

��
�

ln ln  (S11)

where α (mg/g·min) and β (g/mg) are constant. The 
α show the initial adsorption rate and β the extent of 
surface coverage and activation energy for chemisorption.

S3.4. Liquid-film diffusion model

It is shown expressed as [S13]:

Ln fa1�� � � �F K t  (S12)

where Kfd is liquid-film diffusion rate constant and F = qt/q.

S3.5. Modified Freundlich equation

It was originally developed by Kuo and Lotse [S10,S14]:

q kC tt o
m= 1/  (S13)

where k, Co, t and m are adsorption rate constant (L/g·min), 
initial concentration of dye (mg/L), contact time (min) and 
the Kuo–Lotse constant, respectively. Its linear form is 
given as:

ln ln lnq kC
m

tt o� � � � 1  (S14)

S3.6. Bangham equation

It is represented as [S9,S12]:
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Fig. S2. FTIR spectrum of biochars before and after RhB 
adsorption.

 

Fig. S3. SEM image presenting the morphology of palm leaves 
biochar.
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where m is mass of the adsorbent used (g/L), V is volume 
of adsorbate (mL), α (<1) and ko (mL/(g/L) are constants.

S4. Adsorption thermodynamics

The  values  of  change  in  Gibb’s  free  energy  (ΔG°), 
enthalpy (ΔH°) and entropy (ΔS°) were measured by using 
the Eqs. (S16)–(S18):

lnK S
R

H
RTc �

�
�

�� �  (S16)

K
C
Cc
a

e

=  (S17)

� � �G H T S� � � � �  (S18)

where Kc,  ΔG°,  ΔH°  and  ΔS° are equilibrium constant, 
change in Gibb’s free energy (kJ/mol), enthalpy (kJ/mol) and 
entropy (J/mol·K), respectively.
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