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a b s t r a c t
The research work focuses on the assessment of biosorption potential of Sapindus mukorossi dead 
leaves (SMDL) as a novel, cheaper, and abundantly available biosorbent for the treatment of 
C.I. Reactive red 241 (RR-241) in aqueous solution. The biosorbent characterization was performed
by using scanning electron microscopy, Fourier transform infrared spectroscopy, energy dispersive 
X-ray, and Brunauer–Emmett–Teller surface area analysis techniques. The dye biosorption was stud-
ied as a function of various operating parameters including initial pH, adsorbent dose, dye concen-
tration, adsorption time, and temperature. Moreover, kinetic modeling was conducted by implying 
pseudo-first-order kinetic model, pseudo-second-order kinetic model, Elovich, and intraparticle 
diffusion models. The Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich models were 
applied for adsorption isotherm modeling. Finally, the thermodynamic parameters like the differ-
ence in free energy (∆G°) was evaluated by Gibb’s equation while the difference in enthalpy (∆H°) 
and entropy (∆S°) was evaluated by Van’t Hoff equation. The results show that more than 95% dye 
removal efficiency was achieved on SMDL with an equilibrium capacity of 8.18 mg/g. The results 
further exposed that the biosorption of RR-241 on SMDL pursued pseudo-second-order kinetics 
(R2  = 0.99). The adsorption isotherms gave the best fit with the Freundlich model (R2  = 0.99). The 
negative free energy change (∆H°) values confirmed spontaneous and feasible adsorption. The pos-
itive values of enthalpy change (∆H° = 14.39 kJ/mol) indicated the endothermic adsorption nature 
and entropy change (∆S° = 0.055 kJ/mol/K) indicated the increased randomness at the solid–liquid 
interface. It is concluded that the SMDL has a good biosorption potential as low-cost biosorbent for 
the abatement of RR-241 in aqueous solutions.
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1. Introduction

The water resources are being continuously contaminated 
by industrial wastewater which has become a matter of 
concern due to hazardous environmental impacts [1]. The 
industrial wastewater, a composing mixture of various pol-
lutants of organic and inorganic nature requires proper 
treatment prior to discharging into the environment [2,3]. 
Synthetic dyes are among the major organic pollutants found 
in industrial wastewaters such as textile, food, paper, rubber, 
cosmetic, and leather [3]. About 60%–70% of synthetic dyes 
are azo dyes having certain qualities of chemical stability, 
brightness, and color fastness [4]. The complex conjugated 
ring structure and synthetic origin make dyes recalcitrant [5]. 
Therefore, the treatment of colored wastewater is necessary 
due to adverse mutagenic, carcinogenic, and toxic effects on 
the aquatic life and human beings [6].

Numerous treatment methods have been studied for the 
removal of color such as adsorption [2], electrochemical tech-
niques [7], advanced oxidation processes [8], coagulation–
flocculation [9], biological treatment [10], and membrane 
separation [11]. Among these, adsorption has become a 
versatile technique owing to its flexibility, low cost, high 
removal efficiency, nontoxicity, and regeneration [12–15]. 
A continuous quest for low cost and environment-friendly 
adsorbents has led researchers to use biosorbents. Various 
plant based lignocellulosic materials have been studied as 
economical, renewable, and biodegradable sorbents for the 
treatment of colored wastewater such as bagasse [16], plant 
leaves [17], peanut shell [2], saw dust [18], and fruit shell 
[19]. The plant-based materials are effective biosorbents for 
pollutants abatement due to diverse active functional groups 
present at their surfaces such as hydroxyl, amino, and car-
boxyl groups [2]. Thus, act as low cost, abundantly available, 
and environment-friendly biosorbents for dye removal.

In current investigation C.I. Reactive red 241(RR-241) 
was selected as a model textile dye. The RR-241 is an anionic 
reactive mono-chloro triazine azo synthetic water soluble 
dye, containing sulfonic acid auxochrome and azo group 
chromogen, vastly applied for the coloration of cotton, silk, 
and wool [20]. Reactive dyes have lower fixation rates and 
about 10%–50% dye is lost in effluents. The recalcitrant 
nature of reactive dyes poses a threat to the environment as 
its exposure leads to cancer, skin allergies, dermatitis, kidney 
and nervous system damage, respiration problems in human 
beings, and may destroy aquatic life [9]. The average dye 
concentration in the industrial dye house varies from 0.01 to 
0.25 g/L [20] and the color discharge limit is 80 Pt-Co [20].

Current attempt targets to evaluate the efficiency of 
novel dead leaves of Sapindus mukorossi as a cheap novel 
biosorbent for the treatment of a model anionic dye (RR-
241). To the best of author’s knowledge, Sapindus mukorossi 
dead leaves (SMDL) have not been previously studied for 
the treatment of dyes. The abundance availability of SMDL 
brings about an economical option for the treatment of dyes 
by adsorption. The work involves the application of an agri-
cultural waste material (SMDL) as a novel, natural biosor-
bent for the treatment of a hazardous dye as a step toward 
effective utilization of waste materials. In the current investi-
gation, the influence of operational factors such as initial pH, 
SMDL dosage, initial RR-241 concentration, treatment time, 

and temperature on the biosorption was elucidated. The 
adsorption kinetics was elucidated by applying the pseu-
do-first-order kinetic model, pseudo-second-order kinetic 
model, Elovich, and intraparticle diffusion models. Isotherm 
studies were performed by applying Langmuir, Freundlich, 
Temkin, and Dubinin–Radushkevich (D-R) isotherm models 
and thermodynamics was also investigated. Adsorption ther-
modynamic parameters such as free energy difference (∆G°), 
enthalpy difference (∆H°), and entropy difference (∆S°) were 
also evaluated.

2. Material and methods

2.1. Chemicals

The C.I. Reactive Red 241 dye was provided by Archroma 
(Switzerland) and was used in this work without further 
purification. The analytical grade Sodium chloride, HCl, 
and NaOH were purchased from Merck (Germany). All the 
chemicals utilized in this research work were of analytical 
grade. The chemical properties and structure of the dye are 
shown in Fig. 1.

2.2. Adsorbent preparation and characterization

The dead leaves of S. mukorossi were collected from the 
vicinity of local trees of S. mukorossi. The leaves were first 
washed with ultrapure deionized water to eliminate the dirt 
and extraneous material, then washed multiple times with 
ultrapure deionized water until neutral pH of wash water 
was obtained. The washed leaves were air dried first at room 
temperature and subsequently oven dried at 60°C for 24 h to 
remove all moisture. The dried leaves were grinded using a 
grinder and then sieved through 80 mesh sieve to obtain a 
particle size of <177 µm and the obtained SMDL adsorbent 
powder was stored in an air tight container.

The adsorbent surface functional groups were elucidated 
by Fourier transform infrared spectrometer (FTIR, Bruker, 
Alpha-E) in the range 500–4,000 cm−1. The surface morphol-
ogy and microstructure of biosorbent was characterized by 
scanning electron microscope (SEM) loaded with an energy 
dispersive X-ray (EDX) spectrometer (Tescan, Vega LMU). 
The physical properties of the adsorbent such as the specific 
surface area of the biosorbent, total pore volume, and pore size 
were evaluated by Brunauer–Emmett–Teller (BET) surface 
area and pore size analyzer (Quantachrome, NOVA1200e). 

Fig. 1. Properties and structure of RR-241.
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The biosorbent point of zero charge was assessed by the pH 
drift method [21].

2.3. Adsorption experiments

Experiments were executed in various 250 mL Erlenmeyer 
flasks holding 50  mL batches of dye solution of desired 
concentration. A stock solution of dye (100  mg/L) was 
formulated by adding the weighed amount of dye in deion-
ized water. The desired dye solutions of required concen-
tration were prepared by the dilution of stock solution 
with deionized water. The desired quantity of adsorbent 
was put in the dye solution and agitation was provided at 
200 rpm using water bath orbital shaker (Model Benchmark 
Scientific SB08) at a fixed temperature (30°C ± 0.5°C). The 
initial pH of the dye solution was set to desired values by 
adding 0.1 M NaOH or 0.1 M HCl solutions, using pH meter 
(Model Hanna HI9811-5). The adsorption parameters of pH, 
SMDL dose, and initial concentration of dye solution with 
time and temperature were studied. The dye samples were 
withdrawn after regular time intervals, filtered through 
0.45 µm pore size membrane filter and the concentration of 
the dye was then analyzed by double beam UV-Vis spectro-
photometer (Perkin Elmer Lambda 35). The dye percentage 
removal was determined by the following equation:

Dye removal (%) =
−

×
C C
C
o t

o

100 	 (1)

where Co and Ct are the RR-241 concentration at the start 
(mg/L) and at time t, respectively. The adsorption capacity 
was determined by the following equations:

q
C C V
Mt

o t=
−( )

	 (2)

q
C C V
Me

o e=
−( )

	 (3)

where qt and qe are the adsorption capacities (mg/g) at time 
t and equilibrium, respectively. Co, Ct, and Ce are the RR-241 
concentrations at the start, at time t, and equilibrium (mg/L), 
respectively. M is the mass of biosorbent (g) and V is the 
volume of the aqueous dye solution (L).

2.4. Adsorption kinetics

The kinetic experiments were conducted as described 
earlier, by taking 50 mL RR-241 solution in Erlenmeyer flasks 
with initial dye concentrations of 10, 30, 50, and 70 mg/L, then 
a constant quantity of biosorbent was added and a decrease 
in dye concentration with time was noted. The adsorption 
mechanism was studied by applying four kinetics models 
on biosorption of RR-241 on SMDL, these were pseudo-first-
order kinetic model, pseudo-second-order kinetic model, 
Elovich model, and intraparticle diffusion model.

The equation for pseudo-first-order kinetic model as 
described by Ref. [22] is represented as follows:

dq
dt

K q qt
e t= −( )1 	 (Nonlinear form) (4)

ln lnq q q K te t e−( ) = − 1 	 (Linear form) (5)

The pseudo-first-order kinetic model attributes the 
adsorbent–adsorbate interaction to the physical forces of 
attraction.

The equation representing the pseudo-second-order 
kinetic model as described by Ref. [23] is as follows:

dq
dt

K q qt
e t= −( )2

2
	 (Nonlinear form) (6)

t
q K q

t
qt e e

= +
1

2
2 	 (Linear form) (7)

The initial biosorption rate of second-order kinetic 
model is represented by h (mg/g min) given by the following 
equation:

h K qe= 2
2 	 (8)

The Elovich model equation for kinetic studies as 
described by Ref. [24] is represented as follows:

dq
dt

et qt= −α β 	 (Nonlinear form) (9)

q tt = ( ) + ( )1 1
β

αβ
β

ln ln 	 (Linear form) (10)

The intraparticle diffusion model kinetic equation as 
described by Ref. [25] is represented as follow:

q K t Ct = +dif
1/ 2 	 (Linear form) (11)

2.5. Adsorption isotherms

The equilibrium data were fitted to adsorption isotherms 
on the biosorption of reactive red 241 on SMDL to elucidate 
the equilibrium relationship between the sorbent and sorbate.

The Langmuir isotherm model assuming the monolayer 
homogeneous adsorption is represented by the following 
equation [26]:

q
K q C
K ce

L m e

L e

=
+1

	 (Nonlinear form) (12)

C
q K q

C
q

e

e L m

e

m

= +
1

	 (Linear form) (13)

The dimensionless separation factor is given by the 
following equation:

R
K CL
L O

=
+
1

1
	 (14)

The Freundlich isotherm model assuming the het-
erogeneous adsorption is represented by the following 
equation [27]:
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q K Ce F e
n= 1/ � (Nonlinear form) (15)

ln lnK lnq
n

Ce F e= +
1 � (Linear form) (16)

The Temkin isotherm model that gives the relationship 
between the amount of dye adsorbed and heat of adsorption 
is represented by the following equation [28]:

q RT
b

K Ce T e= ( )ln � (Nonlinear form) (17)

q RT
b

K RT
b

Ce T e= +ln ln � (Linear form) (18)

The D-R isotherm model is represented mathematically 
as follows [29]:

q q ee m= −βε2

� (Nonlinear form) (19)

ln lnq qe m= − ∈β 2 � (Linear form) (20)
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


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
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RT
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ln 1

1 	 (21)

2.6. Adsorption thermodynamics

Adsorption thermodynamics elucidate the adsorption 
mechanism by adsorption parameters such as free energy 
difference (∆G°), enthalpy difference (∆H°), and entropy dif-
ference (∆S°), which give an insight into the energy changes 
involved in the adsorption process. The free energy change 
(∆G°) is the indicator for the adsorption spontaneity and fea-
sibility and is determined by the Gibbs equation represented 
by the following equation [18]:

∆G RT
q
C
e

e

= −








ln 	 (22)

The enthalpy difference (∆H°) indicates the nature of 
adsorption being exothermic or endothermic, while the 
entropy difference (∆S°) indicates changes in the degree of 
randomness. The enthalpy change (∆H°) and entropy dif-
ference (∆S°) can be assessed from the plot of Van’t Hoff 
equation represented as follows [18]:

ln
q
C

H
RT

S
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e

e









 = − +

∆ ∆ 	 (23)

3. Results and discussion

3.1. Adsorbent characterization

The FTIR of the SMDL in the wavelength region of 
500–4,000  cm−1, before and after dye adsorption is shown 
in Fig. 2 that confirms the dye adsorption onto the bio-
sorbent surface. An intense peak observed at 3,342  cm−1 
corresponds to vibrations at O–H stretch in the hydroxyl 

groups present at the biosorbent surface [30]. The peaks 
obtained at 2,916 and 2,849 cm−1 correspond to the vibration 
of the C–H stretch in alkanes such as methyl and methylene 
groups [30,31]. The peaks observed at 1,725 and 1,631 cm−1 
are characteristics of carbonyl group C=O [2,30], while 
peaks in the region 1,450–1,517 cm−1 correspond to aromatic 
and aliphatic groups and alcohols [21]. A very sharp peak 
observed at 1,042 cm−1 corresponds to the vibration of car-
boxylic acids [2,21]. The FTIR spectrum after dye adsorption 
showed a displacement of peaks in the ranges 1,042–1,050, 
1,609–1,725, and 3,242–3,350  cm−1 that gives evidence for 
the attachment of dye molecules to the functional groups 
such as carboxylic acid groups, C–H aliphatic groups, and 
hydroxyl groups [2,30,31].

The morphological texture and surface characteristics 
of the SMDL are shown by SEM images (Figs. 3(a) and (b)) 
before and after the dye adsorption. A considerable change 
in the surface texture of the adsorbent was exhibited by SEM 
images after dye adsorption. A rough irregular surface mor-
phology with pores was observed before the dye adsorption 
(Fig. 3(a)). A smoother surface structure obtained after the 
dye adsorption (Fig. 3(b)) confirms the surface coverage by 
the dye molecules. Similar morphological changes on dye 
adsorption have been reported [17]. The elemental composi-
tion of SMDL was determined by EDX technique. Figs. 4(a) 
and (b) and Table 1 show the EDX spectrum and elemental 
analysis of SMDL before and after the RR-241 biosorption. 
The EDX spectrum peaks revealed that SMDL is mainly com-
posed of C, O, K, P, Ca, Na, and S. The increase in the weight 
percent of C from 50.47% to 56.05%, Na from 0.3% to 0.69%, 
and S from 0.1% to 0.28% confirmed the dye adsorption onto 
SMDL. So, it is concluded that after RR-241 loading on SMDL 
the elemental composition altered.

The BET surface area analysis of SMDL exhibited a spe-
cific surface area of 4.77 m2/g, an average pore diameter of 
29.96Å, a total pore volume of 6.95 × 10−3 cm3/g. The results 
showed that SMDL adsorbent can be classified as the meso-
porous material as described by International Union of Pure 
and Applied Chemistry (IUPAC) with pores between 20 

 

Fig. 2. FTIR spectrum of SMDL.
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and 500Å [16]. The point of zero charge of SMDL where the 
net surface charge is zero, determined by pH drift method 
was to be 5.8.

3.2. Effect of pH

The solution pH is the prime factor in the sorption pro-
cess that controls the dye–biosorbent interaction by altering 
the surface charge and the functional groups at the surface 
of biosorbent [32]. The pH influence on dye removal was 
studied by altering the pH in the range 2–10 (Fig. 5) and it 

was revealed that the biosorption process was highly gov-
erned by solution pH. The highest dye removal of 94.48% 
was achieved at pH = 2. The dye removal efficiency declined 
with a rise in pH and negligible dye removal was obtained 
in alkaline pH. It can be explained by analyzing the RR-241 
molecular structure as it contains highly acidic sulfon-
ate (–SO3) groups that impart anionic character to the dye 
in solution thus under the strongly acidic conditions, the 
functional groups on the biosorbent surface are proton-
ated thereby electrostatic interaction of anionic dye may be 
enhanced [33], while at alkaline pH, therefore, the surface of 

 

(a) 

 

(b) 
Fig. 3. SEM images of SMDL (a) without dye adsorption and (b) with dye adsorption.
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the biosorbent may be deprotonated and negatively charged 
thereby the electrostatic repulsion of anionic dye reduces 
biosorption [16].

Moreover, the point of zero charge (when pH  =  pHpzc) 
of the biosorbent was determined to be 5.8. At pH  <  pHpzc 
the surface of biosorbents gets positively charged and elec-
trostatic interactions of dye molecules increases by π–π 
stacking, dipole–dipole interactions, and hydrogen bonding 
[16]. The obtained results were found consistent with those 
reported by Refs. [1,3,31].

3.3. Effect of SMDL dosage

The optimum SMDL dosage was determined by vary-
ing the doses at 4, 8, 12, 16, and 20 g/L. The obtained results 
(Fig. 5) revealed that with a rise in biosorbent dose from 4 to 

8 g/L, the RR-241 removal significantly increased from 69.27% 
to 94.48%. The 8 g/L dose was selected as optimum because 
the further increase in dose was found to have no significant 
effect in dye removal at studied initial concentration and dye 
removal was stabilized (Fig. 6). The results further reveal that 
the initial sharp rise in the RR-241 removal with biosorbents 
dose can be ascribed to the high concentration gradients and 
increase in the availability of sorption sites with biosorbents 
dosage till the optimum dosage was achieved, when all 
the sorption sites become saturated and further increase in 
the biosorbents dosage causes the aggregation of adsorbent 
particles which leads to a slight reduction in dye removal 
efficiency [2,34]. Similar behavior for the dye biosorption 
onto lignocellulosic materials was reported [31,35].

 
(a) 

 
(b) 

Fig. 4. EDX Spectra of SMDL (a) without dye adsorption and 
(b) with dye adsorption.

Table 1
EDX elemental composition of SMDL

Element Weight %

Before RR-241 
adsorption

After RR-241 
adsorption

C 50.47 56.05
O 48.73 43.37
Na 0.3 0.69
S 0.1 0.28

Fig. 5. Effect of pH on the decolorization of RR-241 
(Co (RR-241) = 50 mg/L; T = 30°C; SMDL dosage = 8 g/L; Vol. = 50 mL; 
agitation = 200 rpm; time = 120 min).

 

Fig. 6. Effect of SMDL dosage on the decolorization of 
RR-241 (Co  (RR-241)  =  50  mg/L; T  =  30°C; pH  =  2; Vol.  =  50  mL; 
agitation = 200 rpm; time = 120 min).



351F. Javed et al. / Desalination and Water Treatment 137 (2019) 345–357

3.4. Effect of initial dye concentration and contact time

The results presented in Fig. 7 show that dye removal 
decreased with a rise in RR-241 initial concentration. It may 
be explained as the specific dosage of biosorbent provides a 
fixed number of sorption sites for the dye molecules and at the 
low dye concentration the removal efficiency was high due 
to availability of vacant sorption sites and with an increase 
in dye concentration the sorption sites are covered with dye 
molecules and become saturated as further increase in dye 
concentration causes a decrease in removal efficiency [36].

The contact time for the biosorption showed a significant 
increase in the dye removal efficiency with elongated con-
tact time (Fig. 7). The biosorption kinetics for dye removal 
was very fast till 60  min and then a sluggish removal was 
observed until the equilibrium achieved. It may be explained 
as initially the driving force for the mass transfer between 
the aqueous phase and biosorbents was high to overcome 
the diffusion resistance and as the biosorption proceeds the 
driving force decreases that slows down the dye removal 
kinetics [19]. So, the initial RR-241 concentration of 50 mg/L 
and a contact time of 100 min were selected as the optimum 
concentration and equilibrium time. The experimental results 
were found in agreement as reported by Refs. [33,35].

3.5. Effect of temperature

The dye biosorption was studied at various temperatures 
of 293, 303, 313, and 323 K with the initial dye concentration 
of 10, 30, 50, and 70 mg/L, respectively. The obtained results 
(Fig. 8) showed that the elevation in temperature increased 
the dye removal, revealing the endothermic nature of process 
with a maximum removal of 97.05% at 323 K with 10 mg/L 
initial concentration. The increase in dye removal with tem-
perature can be explained on the following basis. The rise 
in temperature may cause a decrease in the viscosity of the 
aqueous solution thereby increasing the mass transfer rate 
[30]. The dye sorption capacity is increased first due to rise 

in molecular kinetic energy that enhances the adsorbent–
adsorbate collision frequency increasing sorption and also 
bond breakage at the surface functional groups occur at ele-
vated temperatures that makes more sorption sites available 
for dye sorption [19].

3.6. Adsorption kinetics

The kinetic plots for the experimental data of biosorp-
tion of RR-241 on SMDL for Elovich equation, pseudo-first-
order kinetic model, pseudo-second-order kinetic model, 
and intraparticle diffusion models are given in Fig. 9. The 
calculated values of the kinetic model’s parameters are 
given in Table 2. The pseudo-second-order model gave the 
best fit for the biosorption kinetics with highest values of 
R2 of 0.999. The obtained values of the rate constant K2 were 
high for the pseudo-second-order model as compared with 
other models, with the largest value of K2 of 0.606 g/mg min 
(Table 2). Moreover, a close fit was obtained between the cal-
culated values of adsorption capacity qe,cal and experimental 
values of adsorption capacity qe,exp indicating the suitabil-
ity of pseudo-second-order kinetics. The order of fitness of 
pseudo-second-order kinetic model > intraparticle diffusion 
model  >  pseudo-first-order kinetic model  >  Elovich model 
was obtained for kinetic studies of biosorption of RR-241 
on SMDL. The pseudo-second-order kinetics of biosorption 
of RR-241 on SMDL suggests that the rate controlling step 
may be the chemisorption [6]. A high influence of operating 
pH on the dye removal (Fig. 5) reveals that the ion exchange 
mechanism [34] is dominant in the biosorption of RR-241 on 
SMDL and a high positive value of the ∆H° indicates the irre-
versible adsorption process [34].

3.7. Adsorption isotherms

The isotherm model plots for the equilibrium data of 
biosorption of RR-241 on SMDL are presented in Fig. 10.  

 

Fig. 7. Effect of initial concentration of RR-241 with contact 
time (SMDL dosage  =  8  g/L; T  =  30°C; pH  =  2; Vol.  =  50  mL; 
agitation = 200 rpm; time = 120 min).

Fig. 8. Effect of temperature on decolorization of RR-241v 
(Co (RR-241) = 50 mg/L, SMDL dosage = 8 g/L; pH = 2; Vol. = 50 mL; 
agitation = 200 rpm; time = 120 min).
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Table 2
Kinetic parameters for the biosorption of RR-241on SMDL

Initial dye 
concentration 
(mg/L)

Kinetic models

Pseudo-first-
order model

Pseudo-second-order model Elovich model Intraparticle diffusion 
model

K1 
(min−1)

R2 K2 
(g/mg/min)

H 
(mg/g/min)

R2 α (×103) 
(mg/g/min)

β 
(g/mg)

R2 Kdif 
(mg/g/min1/2)

R2

70 0.0305 0.978 0.0438 2.845 0.999 3.3 1.661 0.936 0.2484 0.965
50 0.0652 0.93 0.0732 2.679 0.999 37.7 2.697 0.929 0.1529 0.957
30 0.048 0.902 0.1282 1.671 0.999 223.79 5.227 0.911 0.0804 0.975
10 0.0328 0.941 0.6059 0.874 0.999 204.64 16.26 0.952 0.0244 0.905

Fig. 9. Kinetic models plots for the biosorption of RR-241: (a) pseudo-first-order model, (b) pseudo-second-order model, 
(c) Elovich model, and (d) intraparticle diffusion model.
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The isotherm model’s parameters values are given in 
Table 3. The Freundlich isotherm model gave the best fit for 
the biosorption of RR-241 on SMDL with the highest value 
of R2 of 0.99 indicating the heterogeneous nature of adsorp-
tion. A high value of Freundlich constant KF of 3.04 indicated 
that high adsorbent loading can be achieved. Moreover, the 
value of Freundlich intensity parameter 1/n was found to be 
0.704 which is less than 1 implies that monolayer adsorption 
is favorable.

The maximum monolayer adsorption capacity qm of 
SMDL for RR-241 as calculated from Langmuir isotherm was 
16.39 mg/g. Moreover, the value of RL separation factor was 
found within 0 and 1, showing that adsorption is favorable. 
The order of fitness of Freundlich isotherm model > Temkin 
isotherm model > Langmuir isotherm model > D-R isotherm 

model was obtained for equilibrium isotherm studies of 
biosorption of RR-241 on SMDL.

3.8. Adsorption thermodynamics

The plot of the Van’t Hoff equation for the biosorption 
of RR-241 on SMDL is shown in Fig. 11, while the calculated 
values of thermodynamic parameters of free energy change 
(∆G°), enthalpy change (∆H°), and entropy change (∆S°) are 
shown in Table 4. At all the studied temperatures (293, 303, 
313, and 323 K), the free energy change (∆G°) negative values 
indicate that the biosorption of RR-241 on SMDL is a sponta-
neous reaction and feasible. The determined value of enthalpy 
change (∆H°) was positive (14.39  kJ/mol) that shows that 
biosorption of RR-241 on SMDL is an endothermic process.  

Fig. 10. Isotherm models plots for the biosorption of RR-241: (a) Langmuir model, (b) Freundlich model, (c) Temkin model, and 
(d) Dubinin–Radushkevich model.
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A positive value (0.055 kJ/mol K) of entropy change (∆S°) shows 
that the rise in randomness occurred at the solid–liquid molec-
ular interface due to the biosorption of RR-241 on SMDL.

3.9. Mechanism of RR-241 adsorption on SMDL

The adsorption of the dye depends on various factors 
such as pH, the surface area of the adsorbent, surface charges 
on the adsorbate, and the adsorbent and nature of the adsor-
bent [31,37,38]. The RR-241 contains the sulfonic groups 
in its structure (Fig. 1) that impart anionic character to the 
dye thereby produces anions (SO3−) in the aqueous solution 
[19,37]. The SMDL is a lignocellulosic-based material con-
taining various negatively charged functional groups on its 
surface as revealed by FTIR such as the hydroxyl, carbonyl, 
and carboxyl groups (Fig. 2). The possible mechanism of 
RR-241 adsorption on the SMDL may be the ionic interac-
tions among the RR-241 ions (RR241-SO3Na) and the SMDL 
surface functional groups such as hydroxyl (SMDL-OH), 
carbonyl (SMDL-C=O), and aliphatic (SMDL-C-H) groups 
[19,37]. In this investigation, the maximum adsorption of 
RR-241 on SMDL was observed at acidic pH (Fig. 5). The 

point of zero charge of SMDL showed that at pH 2 < pHpzc 
the surface of SMDL becomes protonated due to the pres-
ence of H+ ions that enhances the negatively charged RR-241 
adsorption due to opposite charges [31]. The possible ionic 
interactions at strongly acidic pH among the dye ions and the 
SMDL surface protonated groups (hydroxyl, carbonyl, and 
aliphatic) are shown as follows [19,37]:

SMDL OH RR-241 SO SMDL OH
O S RR-2413

− + − ↔ −
−

+ −
2 3 2

	 (24)

SMDL C OH RR-241 SO SMDL C OH
O S RR-2413

− = + − ↔ − =
−

+ −
3  	

� (25)

SMDL C H RR-241 SO SMDL C H
O S RR-2413

− − + − ↔ − =
−

+ −
2 3 2

	 (26)

Under alkaline pH, the OH− ions increases in the aque-
ous solution that cause a reduction in the dye adsorption 
by competing with the RR-241 anions at the sorption sites 
[19,37]. At pH  >  pHpzc, the electrostatic repulsion [19,37] 
between the RR-241 anions and the negatively charged 
SMDL surface reduces the dye adsorption as revealed in 
Fig. 5. Thus, it has been suggested that the electrostatic 
interactions play a vital role in the mechanism of RR-241 
adsorption on SMDL. [31,37,38]

3.10. Comparison with literature data

The comparison of the adsorption capacities from 
various studies reported on the use of leaves as low-cost 

Table 3
Isotherm parameters for the biosorption of RR-241 on SMDL

Temperature (K) Isotherm models

Langmuir model Freundlich model Temkin model Dubinin–Radushkevich 
model

KL 
(L/mg)

qm  
(mg/g)

R2 KF 
(mg/g)(L/mg)1/n

1/n R2 KT 
(L/mg)

b R2 β 
(mol2/kJ2)

qm 
(mg/g)

R2

293 0.164 14.84 0.953 1.98 0.768 0.972 2.46 0.911 0.984 3 × 10−7 6.44 0.935
303 0.225 14.56 0.985 2.48 0.745 0.982 3.37 0.958 0.978 2 × 10−7 6.54 0.931
313 0.215 16.39 0.985 2.7 0.776 0.984 3.55 0.941 0.981 2 × 10−7 6.82 0.947
323 0.458 12.08 0.916 3.04 0.704 0.990 4.78 1.07 0.974 1 × 10−7 6.61 0.934

Fig. 11. Plot of ln(qe/Ce) versus 1/T for the estimation of 
thermodynamic parameters for the biosorption of RR-241 on 
SMDL.

Table 4
Thermodynamic parameters for the biosorption of RR-241 
on SMDL

Temperature (K) ∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (kJ/mol/K)

293 −1.55

14.39 0.055
303 −2.23
313 −2.79
323 −3.16
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biosorbents for the dye removal is presented in Table 5. It 
is evident that the dye adsorption capacity of 8.18 mg/g of 
SMDL is comparable with those reported by many research-
ers [39–45]. The results indicate the biosorption potential of 
SMDL for application as efficient, environment-friendly, 
and cheaper biosorbent for the treatment of RR-241 in 
wastewater.

The high adsorption efficiencies of anionic dyes on the 
natural biosorbent materials at strongly acidic pH have been 
previously reported. The highest dye removal at pH 2 was 
reported for Amido black dye (≈86%) on natural Jackfruit leaf 
[42], reactive red 194 (≈68%) on cupuassu shell [31], reactive 
red 141 (85%) on pecan nutshell biochar [12], and congo red 
(37.88  mg/g) on modified Glossogyne tenuifolia leaves [17]. 
The increase in the sorption sites upto optimum adsorbent 
dosage enhanced the dye removal as reported by researchers 
[17,18,39]. The decrease in dye % removal with the increase 
in initial dye concentration has been reported [41,42]. The 
enhancement of dye removal with the decrease in viscosity 
at higher temperature has been reported [21,41]. The results 
presented in this investigation also indicate similar trends for 
the removal of RR-241 on SMDL. Therefore, the results were 
found in true agreement with those previously reported in 
research.

4. Conclusions

The work identified the SMDL as natural, cheaper, and 
effective biosorbent for the treatment of RR-241 in aqueous 
solution. The FTIR characterization of SMDL showed that 
the –COOH, –C=O, and –OH functional groups were mainly 
present at the surface that took part in the interaction with 
RR-241 as sorption sites. The SEM images indicate the irreg-
ular porous surface morphology of SMDL. The dye sorption 
was influenced by various parameters such as pH, SMDL 
dosage, initial RR-241 concentration, temperature, and con-
tact time. The results further indicate that the dye sorption 
was favored at acidic pH with a maximum at pH 2. The rise in 
temperature favored the dye sorption that revealed the endo-
thermic nature of biosorption. Kinetic study revealed that 
adsorption kinetics follows the pseudo-second-order model 
with the highest rate constant of 0.606 g/mg/min. The equi-
librium data gave the best fit with the Freundlich isotherm 
model. The thermodynamic parameters indicate that the bio-
sorption of RR-241 on SMDL was a spontaneous and feasible 

process (∆G° values being negative), endothermic in nature 
(∆H° = 14.39 kJ/mol), and showed increased randomness at 
the solid–liquid interface (∆S° = 0.055 kJ/mol K).
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Symbols

Co	 —	 Initial dye concentration, mg/L
Ct	 —	 Dye concentration at time t, mg/L
Ce	 —	 Equilibrium dye concentration, mg/L
V	 —	 Volume of aqueous dye solution, L
M	 —	 Mass of adsorbent, g
qt	 —	 Adsorption capacity at time t, mg/g
qe	 —	 Adsorption capacity at equilibrium, mg/g
qm	 —	 Maximum adsorption capacity, mg/g
K1	 —	 First-order rate constant, min–1

K2	 —	 Second-order rate constant, g/mg/min
h	 —	� Initial biosorpion rate for second-order kinetics,  

 mg/g/min
α	 —	 Initial rate of adsorption, mg/g/min
β	 —	 Desorption constant, g/mg
Kdif	 —	� Intraparticle diffusion model rate constant, 

 mg/g/min1/2

C	 —	 Extent of film diffusion, mg/g
KL	 —	 Langmuir constant, L/mg
RL	 —	 Separation factor
KF	 —	 Freundlich constant
1/n	 —	 Freundlich intensity parameter
R	 —	 Gas constant, 8.314 J/mol/K
T	 —	 Absolute temperature, K
KT	 —	 Temkin binding constant, L/g
b	 —	 Constant related to heat of adsorption
∆G	 —	 Free energy change, kJ/mol
∆H	 —	 Enthalpy change, kJ/mol
∆S	 —	 Entropy change, kJ/mol/K
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