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Abstract

The availability of potable water has decreased in recent times due to the extensive discharge of effluents from some industries. This contaminated
water poses a great danger to both human and aquatic life. Senna fistula was activated using phosphoric acid, H3PO4 and its ability to remove
Safranin O from aqueous solution was investigated. The characterization of Senna fistula activated carbon was done by Scanning Electron
Microscopy and Fourier Transform Infrared Spectroscopy. The impacts of pH, initial dye concentration, contact time, and effect of temperature
were investigated. Results showed that the optimum pH for the removal of Safranin O was 4.4. The adsorption capacity increased as the initial
dye concentration increased from 30 - 130 mg/L. The dye adsorption equilibrium data were properly fitted to both Freundlich and Langmuir
isotherms. The maximum uptake capacity for Safranin O was 22.1 mg/g. The kinetic studies indicated rapid sorption dynamics via a second-order
kinetic model. The thermodynamic parameter shows that the sorption of Safranin O on Senna fistula activated carbon was feasible, spontaneous
and endothermic. Senna fistula-activated carbon was found to be cheap and efficient adsorbents for the removal of Safranin O dye from aqueous
solutions.
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1. Introduction

The surge in deleterious dye wastewater emanating from
industries is of alarming public health and environmental
safety concerns. Around 700,000 tons of dye are produced
worldwide each year, which results in 100,000 dyes being
sold in the market [1, 2]. Concerns have been raised by the
United Nations over the fact that more than 80 % of the world’s
wastewater, including more than 95 % in some of the world’s
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poorest countries, is released into the environment without first
being treated [3].

Highly polluted effluents are produced because of the con-
siderable amount of water employed in the dyeing processes
[1]. It has been observed that between 10 and 15 % of dyes
meant for fibers could not adhere to them and are ultimately
found as industrial effluents. These dyes infiltrate water
bodies, causing colouration, a reduction in photosynthesis and
dissolved oxygen, and suppression of aquatic plant growth.
Carcinogenesis, mutagenesis, teratogenicity, chromosomal
fractures, kidney, liver and reproductive system dysfunctions,
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watery eyes, itching, and asthma symptoms are all effects of
water pollution in humans [4, 5].

Safranin O is a basic dye commonly referred to as basic
red 2. Safranins are symmetrical 3,7-Diamino2,8-dimethyl-5-
phenylphenazin-5-ium chloride’s azonium compounds. Basic
dyes are the most vibrant type of soluble dyes used in the
textile industry to color acrylic, nylon, silk, and wood. They
have a high tinctorial value; as low as 1 ppm of dye generates
noticeable colour. Due to its disposal in water bodies, it
poses a threat [6]. Safranin O dye causes skin irritation, eye
irritation, is carcinogenic and can impact blood factors such
as coagulation, induced somnolence, respiratory issues and
significant alimentary tract irritations.

In order to address this global challenge of dye pollu-
tion, different dye removal techniques have been adopted
by researchers. These include photocatalysis, ion exchange,
electrochemical, and oxidation-reduction. These methods have
high operational costs and are time-consuming. Most of these
methods have deficiencies such as the high energy and reagent
requirements, the low selectivity and the difficulty in removing
the secondary waste generated [3].

A cheaper and more efficient technique for dye removal is
adsorption. Despite the fact that adsorption is a cheaper method
than other methods earlier mentioned, the cost-effectiveness of
the adsorption method also depends on the ease of availability
of the adsorbent. Some adsorbents are waste materials while
others are purchased. The use of agricultural waste material
(biosorbent) is the cheapest form of adsorbent, for it has zero
cost to acquire. Some of the biosorbents used to remove dyes
include coconut husk [7] African Border Tree [8], oil palm
fruit [9, 10], watermelon rinds [11], okra [12], maize stuck,
teak leaf [13], sugarcane bargass [14].

Senna fistula, also known as the Golden shower tree,
produces pods as its ripe fruits. Senna fistula is a medium-sized
tree native to the Indian subcontinent and also found in the
southern region of Nigeria. It is frequently grown as an orna-
mental plant. Ripe pods are long, virtually straight, cylindrical,
dark chocolate-brown fruits with a length of 45 to 60 cm and a
thickness of 20-25 mm. The surface seems smooth and shiny
to the human eye but is characterized by minute transverse stri-
ations under a microscope. This study is targeted at converting
Senna fistula pod into activated carbon and investigating the
removal of Safranin O dye from aqueous solutions. Contact
time, temperature, adsorbent dosage, and initial Safranin O
concentration were all evaluated as operational parameters.

Different isotherm and kinetic models were used to evaluate
the experimental data. Thermodynamic parameters that govern
the adsorption process were also investigated.

2. Materials and methods

2.1. Raw materials/chemicals

Safranin O was obtained from KEM LIGHT Laboratories
PVT. Ltd, India. The structure and the physical characteristics
of Safranin O are presented in Figure 1 and Table 1, respec-
tively. NaOH (99.0 %) was obtained from Merck, Germany,
NaCl (99.5 - 100 %) from Merck, Germany, and HCl (35.4 %)
from BDH. The chemicals were of analytical quality. There-
fore, further purifications were not carried out on them.

2.2. Preparation of Adsorbate

The adsorbate was prepared by dissolving 1 g of the
Safranin O dye (C20H19N4Cl, molecular weight 350.8 g/mol)
in little quantity of distilled water in a 1 L volumetric flask. It
was properly dissolved and made up to the mark with distilled
water. Serial dilutions were carried out to prepare various con-
centrations needed for the adsorption studies.

Figure 1: The molecular structure of Safranin O

Table 1: Physical characteristics of Safranin O

IUPAC Name/

Molecular formula
3,7-Diamino-2,8-dimethyl-5-
phenylphenazin-5-ium chloride/

C20H19ClN4
Common name Safranin O, Basic red 2

CAS Number 477 - 73 - 6

Molar mass 350.85 g/mol

Appearance Dark red

Storage Temperature Room temperature

εmax 1250-1650 at 530-534 nm in 50 %
ethanol

Solubility in water Water, 1 mg/mL, clear, dark red, red
purple
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2.3. Adsorbent preparation

The pods were washed properly and then oven- dried
after which the pods were split and the inside were cleaned
thoroughly to get rid of unwanted materials like the seeds. As
a result of drying, the pods became very hard and had to be
crushed to achieve smaller particle size conducive for grinding
after which the crushed pods were then ground to powder. The
resultant powder was passed through a sieve of mesh size 1.0
mm after which it was stored in a plastic bag for the next stage
of the process.

50 g of the powdered adsorbent was measured and gently
stirred into a solution of 1.0 M phosphoric acid (H3PO4) and
kept for a day in a cool dry place. This was to give the adsor-
bent ample time to soak up the acid. The mixture was rinsed
with distilled water and dried in an oven at 105 ◦C. It was then
transferred into crucibles and carbonized in a Muffle furnace at
350 ◦C in the absence of air for 45 minutes. The carbonized
sample was cooled in a desiccator and then rinsed with distilled
water to remove ash. It was further washed to ensure a near-
neutral pH of 6.89. It was dried in an oven at 105 ◦C until a
constant weight was achieved after which the modified Senna
fistula pods activated carbon MSF was stored in a glass bottle.

2.4. Adsorption studies

In this experiment, the adsorbate was Safranin O dye. For
the stock solution, 1 g of Safranin O was dissolved with dis-
tilled water in a 1 L volumetric flask and made up to mark.
Lower concentrations were made by repeated dilution from the
stock solution. The effectiveness of MSF in removing Safranin
O was measured using four different operating parameters, in-
cluding pH, initial SO concentration, contact time, and solution
temperature. In this study, 0.1 g of MSF was agitated with 20
ml of varying concentrations (30, 50, 70 and 90 mg/L) of SO
solutions and agitated at 200 rpm in an electric shaker. A UV
spectrophotometer (Shimadzu 1800 double beam) at 520 nm
was used to measure the absorbance of aliquot samples at regu-
lar intervals. Equation (1) was used to calculate % removal and
adsorption capacity.

Percentage uptake capacity =
Co −Ce

Co
× 100 (1)

qe =
(Co −Ce) V

w
(2)

where qe (mg/g) is the amount SO adsorbed, Co (mgL−1) and
Ce (mgL−1) are the initial and final concentrations of SO re-
spectively. V(L) and w(g) represent the volume of SO and the
weight of Senna fistula, respectively.

2.5. Characterization of Senna fistula

A scanning electron microscope (Zeiss Auriga HRSEM)
was used to characterize the surface structure of MSF. As a
thin beam of electrons scans the surface of the adsorbent in a
rectangular raster, SEM measures the intensity of numerous
signals created by interactions between the beam electrons

and the adsorbent. In order to get a magnified image of the
adsorbent, the surface property, components, and scenery of
the adsorbent are determined from the signals provided by
SEM [15].

Senna fistula spectra were recorded using an Agilent Tech-
nologies Cary 630 Fourier transform infrared (FTIR) spectrom-
eter. Between 4000 and 600 cm−1, spectroscopic measurements
were taken. Spectroscopic analysis was used to analyze the sur-
face chemistry of Senna fistula powder before and after copper
adsorption. Before and after copper adsorption, the FTIR spec-
tra indicated the functional group(s) on the Senna fistula sur-
faces.

3. Results and Discussions

3.1. Characterization

Senna fistula morphology was determined using a scanning
electron microscope as shown in Figure 2. The phosphate-
modified Senna fistula shows a rough, irregular, heterogeneous
honeycomb-like surface structure with several pores and cavi-
ties which is due to the phosphate modification. The adsorption
of SO resulted in less number of pores on the absorbent surface
since quite a number of the pores have been occupied by the
dye.

The FTIR spectra of phosphate-modified Senna fistula with
Safranin O (MSF-SO) and the phosphate-modified Senna fis-
tula (MSF) without Safranin O were compared in Figure 3 and
Table 2 to identify functional groups through characteristic vi-
brational frequencies. Phosphate-modified Senna fistula with
SO showed a broad and medium band around 3327 cm−1, which
is owing to an (OH) vibration band of a hydrogen bond due to
the phosphoric acid, which is absent in MSF. The (CH) vibra-
tional bands are responsible for the crisp and strong bands that
occur at 2982 cm−1 to 2881 cm−1. After SO adsorption, these
bands remained nearly constant at 2922 cm−1 and 2853 cm−1.
(C=O) stretching vibration band coming from the carboxylic
acid is responsible for the crisp and medium band at 1702 cm−1.
After SO dye adsorption, this band has shifted to a higher fre-
quency of 1744 cm−1 and also appeared as a strong band. This
denotes the chemical interaction of the oxygen atom of the C=O
bond thereby forming new bonds during adsorption [16]. There
is a C=N vibrational band appearing as a sharp medium band
at 1593 cm−1 before SO adsorption. This band has almost re-
mained unchanged at 1595 cm−1 after SO adsorption, thus sig-
nifying no chemical interaction of the nitrogen from the CN
group [17, 18]. The (C=C) stretching vibrations are respon-
sible for the emergence of a new sharp and medium band at
1685 cm−1 in MSF with SO dye but absent in MSF without SO.
The P-O-C- stretching vibration is responsible for the bands at
1112.6 cm−1 and 980.6 cm−1. After SO adsorption, these bands
changed to higher frequencies of 1157 cm−1 and 1057 cm−1,
respectively.
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Figure 2: Typical SEM of modified Senna fistula (a) without and (b) with Safranin O.

Table 2: Infrared Spectral Data of MSF pre- and post- sorption of SO dye

Adsorbent v(OH)
(cm−1)

v(CH) (cm−1) v(C=O)
(cm−1)

v(C=N)
(cm−1)

v(C=C)
(cm−1)

v(C−O)
(cm−1)

v(P-O-C)
(cm−1)

Modified Senna
fistula (MSF)

2982 b,m
2881 b,m

1702 m 1593 m 1165s
1034s

1113s
980s

Modified Senna
fistula (MSF) after
SO adsorption

3326.6s 1744 s 2853 s 1744 s 1595 m 1685 m 1157s
1027m

1157s
1057m

3.2. Effect of pH
The role played by pH in the adsorption of dye molecules

is quite revealing. The pH regulates the competition between
the dye molecules and hydrogen ions on the active sites of
the sorbent surface [19]. The pH of the solution affects the
adsorbent’s surface charge and the ionization of the adsorbate
[20]. Additionally, the effectiveness of adsorption in aqueous
solutions is influenced by hydrogen bonds, π − π interaction,
and n − π interaction [21, 22, 23]. Figure 4 demonstrates that
when pH rises from 1 to 4, Safranin O adsorption capacity
increases significantly. This is due to the availability of a
large active site. At lower pH 1, there is competition for the
available site between the hydrogen ion and the positive charge
dye molecule. This leads to lower adsorption. As the pH rises,
the competition between the two cations reduces, and more
sites are made available for the dye molecule to adsorb on the
surface of MSF. At pH greater than 4 the adsorption reaches
equilibrium.

3.3. Initial dye concentration
The initial dye concentration has a significant influence

on the adsorption capacity of the adsorbent. Figure 5 shows
that the adsorption capacity increases as the initial Safranin O
concentration increases from 30 -130 mg/L. This increase is
due to a large number of available adsorption sites [24, 25].
In addition, the mass transfer rate of Safranin O from the

bulk solution to the adsorbent surface is high. The interaction
between SO and the adsorbent, MSF, is also improved by
increasing the initial dye concentration. Thus, increasing
the initial concentration of SO improves its adsorption. This
demonstrates that the relationship between the adsorption
capacity and the starting SO concentration is linear. A similar
increase was reported by Rassaq et al. 2021 [26].

3.4. Effect of Contact time

The time required for equilibrium to be attained is very
vital as it determines the effectiveness of the adsorption
process as well as the cost of the wastewater treatment. The
effect of contact time on the adsorption of safranin O dye is
reflected in Figure 6. The Figure demonstrates that for a dye
concentration of 30 mg/L, a sharp increase in contact time for
the first 10 minutes significantly improved SO’s adsorption
ability, connoting that SO’s initial rate of adsorption by the
MSF was very fast. This is due to the functional adsorbent’s
enormous number of accessible sites, which is responsible for
the increased adsorption. In addition, there was an increase
in the collision rate of dye molecules. There was a gradual
increase from 10 - 25 min after which equilibrium was reached.
This was a result of a drastic reduction in the number of
available active sites as well as a low rate of collision of dye
molecules.

4
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Figure 3: The FTIR of modified Senna fistula (a) without and (b) with Safranin O.

Figure 4: pH effect on the sorption of Safranin O on modified Senna fistula.

3.5. Adsorption kinetics

Studying the kinetics of the adsorption process can help in
comprehending the mechanism and phases involved in the trap-
ping of adsorbate molecules onto the adsorbent. To learn more

Figure 5: Initial dye effect on the sorption of Safranin O on modified Senna
fistula

about the sorption mechanism, two kinetic models, pseudo-first
and pseudo-second order, were fitted to the experimental data.

5
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Figure 6: Contact time effect on the sorption of Safranin O on modified Senna
fistula.

The Lagergren pseudo- first-order kinetic equation is given by

log (qe − qt) = log qe −
k1t

2.303
, (3)

where k1 is a pseudo-first-order reaction’s rate constant, and qt

is the amount of dye adsorbed per unit of adsorbent (mg g−1) at
time t (h−1). The adsorption rate constant (k1) was calculated
using the log(qe−qt) plot against time as presented in Figure 7a.

The pseudo-second-order kinetic was introduced by Ho and
McKay [27] as:

t
qt

=
1

k2q2
e

+
1
qe

t, (4)

where k2 (g mg−1 h−1) is the pseudo-second-order rate constant.
A linear plot of t/qt vs t yields the qe and k2 as reflected in
Figure 7b.

The pseudo-second-order kinetic model is the one that best
fits the experimental data since its correlation factor is close to
1 and its calculated adsorption capacity is of close proximity to
the experimental adsorption capacity as presented in Table 3.

3.6. Effect of Temperature

Temperature is another significant factor that directly im-
pacts the adsorption of dyes and has an impact on the solid-
solute interface and the mobility of the pollutants during ad-
sorption. In this study, adsorption capacity increases with an
increase in temperature from 308 to 318 K (Figure 8). The in-
crease was relatively sharp from 303 - 318 K and then reached
equilibrium by leveling off from 318 - 338 K. The increase in
temperature increases the dye mobility in the solution and con-
sequently increases the probability of interaction between the
adsorbate and adsorbent. This investigation shows that SO ad-
sorption is an endothermic process and favours high tempera-
tures.

3.7. Adsorption isotherm

Isotherm study gives details about the concentration of SO
adsorbed on MSF surface by correlation of experimental data
to three equilibrium models namely Langmuir (Figure 9), Fre-
undlich (Figure 10) and Temkin (Figure 11).

3.7.1. Langmuir isotherm
According to the Langmuir isotherm model, monolayer

sorption occurs on a homogenous surface where there is no in-
teraction between the molecules that are adsorbed. The model
also assumes homogeneous energies for adsorption onto the
surface [28, 29, 30]. The general and linear Langmuir equa-
tions are represented by equation (5) and (6), respectively.

qe =
X0bCe

1 + bCe
(5)

Ce

qe
=

1
X0b

+
1
X0

Ce. (6)

The dimensionless separation factor is given by:

RL =
1

1 + bC0
(7)

X0 s the maximum uptake capacity in mg/g while b is Langmuir
constant. Table 4 shows that the maximum uptake capacity is
22.1 mg/g while the dimensionless separation factor is much
less than 1 indicating that the adsorption of SO unto MSF is
feasible and favorable.

3.7.2. Freundlich isotherm
The Freundlich isotherm is a nonlinear sorption model that

describes multilayer adsorption with a heterogeneous energy
distribution of active sites and interactions between adsorbed
molecules [31]. The non-linear and the linear equations are pre-
sented in equations (8) and (9), respectively.

qe = KFC
1
n
e (8)

log qe = log KF + 1
n log Ce, (9)

where KF and n are Freundlich constants related to adsorp-
tion capacity and adsorption intensity, respectively. Figure 10
presents the graph of log qe against log Ce. The n value is
greater than 1 which indicates that the physical adsorption pro-
cess is feasible and favourable.

3.7.3. Temkin model
Temkin’s isotherm model presupposes a linear decrease in

all molecules’ heat of adsorption with increasing adsorbent sur-
face coverage. Temkin’s model general and linear forms are
presented in equations (10) and (11), respectively.

qe =
RT
σ

lnωCe (10)

qe = β lnω + β ln Ce, (11)

where

β =
RT
σ
. (12)

σ
(
Jmol−1

)
is the Temkin binding constant which is corre-

lated with the heat of adsorptions, ω is the equilibrium bind-
ing constant (Lmg−1), T is thermodynamic temperature and R

6
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Figure 7: Kinetic plots showing (a) Pseudo-first and (b) pseudo-second order for copper adsorption onto modified Senna fistula.

Table 3: Kinetic adsorption parameters for the adsorption of SO on MSF

First order kinetics Second order kinetics
Conc (mg/L) qe (calc) qe (exp) k1 R2 qe (calc) k2 R2

30 1.03 10.8 0.0016 0.9404 11.4 0.182 0.9984
50 1.2 18.2 0.0007 0.9143 19.4 0.186 0.9995
70 1.39 25.5 0.0004 0.8907 27.4 0.187 0.9997
90 1.36 32.9 0.0121 0.8011 35.3 0.188 0.9998

Figure 8: Effect of temperature on the adsorption of Safranin O on modified
Senna fistula.

Figure 9: Langmuir isotherms for the adsorption of Safranin O onto Senna
fistula

Table 4: Langmuir, Freundlich and Temkin Isotherms for the adsorption of
Safranin O on Senna fistula

Langmuir Freundlich Temkin
X0 = 22.1 mg/g KF = 1.69 σ = 13657.1
c = 0.677 n = 1.33 ω = 9141.1
RL = 0.047 R2 = 0.99 R2 = 0.92
R2 = 0.987

Figure 10: Freundlich isotherm for the adsorption of SO on modified Senna
fistula

is molar gas constant (0.008314 kJ mol−1 K−1). The Temkin
correlation factor (Figure 11, Table 4) is low compared to
other adsorption isotherms, hence it is not the most appropriate
for explaining the adsorption process. Adsorption equilibrium
isotherm demonstrates that both the Freundlich and Langmuir
isotherms are the most suitable for describing the adsorption
process.

7
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Figure 11: Temkin isotherm for the adsorption of SO on modified Senna fistula

Figure 12: Thermodynamic effect of the adsorption of dye on MSF

3.8. Thermodynamics

Thermodynamic parameters such as the entropy change ∆S ,
enthalpy change ∆H and the free energy ∆G change were de-
termined at different temperatures (303, 308, 313 and 318 K)
using the following equations:

∆G = −RT ln K (13)

ln K = −
∆G
RT

=
∆S
R
−

∆H
RT

(14)

ln k2 = ln A −
Ea

RT
(15)

k2 is the rate constant for a second-order adsorption kinetic
(g/mgh), A is the Arrhenius factor, Ea is the activation energy
(kJ/mol) that must be overcome for adsorption to take place,
R is the gas constant (J/molK), T is the thermodynamic
temperature (K).

The calculated values of ∆S , ∆H and ∆G are vital thermo-
dynamic parameters in the adsorption process. The intercept
and slope of the Van’t Hoff plot of ln k against 1/T , as shown in
Figure 12, yielded the values of ∆S , ∆H, which were consistent

Table 5: Thermodynamic parameters for the adsorption of SO on modified
Senna fistula

Adsorbent ∆H(kJ/mol) ∆S (J/mol) ∆G (kJ/mol) Ea (J/mol)
303 K 308 K 313 K 323 K

MSF 108.5 369.6 -5.37 -9.06 -12.7 -16.5 28.3

Table 6: Comparisons of the adsorption capacities of diverse adsorbents used
for SO removal

Adsorbent dye Maximum
adsorption
capacity (mg/g)

Reference

Nano iron oxide SO 1.91 [36]
Mango seed
integument

SO 34.5 [37]

Kaolinite clay SO 16.2 [38]
Soybean hull SO 23.8 [39]
Senna
fistula-activated
carbon

SO 22.1 This study

with our previous research on Safranin O dye adsorption em-
ploying the African Border tree [8]. Table 5 presents the ther-
modynamic parameters for the adsorption of SO on modified
Senna fistula. The entropy change (∆S = 369.6 J/mol) is pos-
itive which implies the affinity of MSF for the SO dye as well
as enhanced randomness at the solid-solution interface during
the adsorption of SO dye onto the surface of the active sites of
MSF. This results in higher uptake of SO on MSF. The enthalpy
change is positive (∆H = 108.5 kJ/mol), which is endother-
mic, which indicates that heat is absorbed during the adsorption
process. The free energy change values ∆G = −5.37, -9.06, -
12.7, and -16.5 kJ/mol at 303, 308, 313, and 318, respectively
are negative which connotes the spontaneity and the feasibility
of the adsorption of SO on MSF. Moreover, ∆G became more
negative as temperature increased, indicating that higher tem-
peratures actively support the feasibility and spontaneity of the
adsorption process. These observations are incongruent with
other findings described in several studies [7, 15, 35]. The en-
ergy of activation Ea, was determined using equation (15). The
value of Ea (0.0283kJ/mol) reveals that adsorption is a physical
process [32, 33, 34, 35]. The adsorption capacities of various
adsorbent for Safranin O is presented in Table 6.

4. Conclusion

In this study we determined the effectiveness of phosphate
modified Senna fistula in the adsorption of Safranin O dye from
aqueous solution. The adsorbent was prepared and applied for
the adsorption of Safranin O dye from aqueous solution as a
function of pH, initial dye concentration, adsorbent dose, con-
tact time and temperature. The maximum uptake capacity was
22.1 mg/g at an optimum pH of 4.4. The contact time demon-
strates a sharp increase in adsorption capacity at less than 20
min of contact. The equilibrium adsorption process demon-
strates that both Freundlich and Langmuir models fit appro-
priately the sorption model data (R2 = 0.99 and R2 = 0.988,
respectively). The kinetic process followed a pseudo-second
order. The negative value of ∆G is an indication that the ac-
tivity is feasible and spontaneous. The positive value of ∆H
revealed that the adsorption process involves the absorption of
heat energy. The positive value of ∆S means that there is in-
creased entropy between the SO dye and the MSF adsorbent.
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This study demonstrates that Senna fistula (a waste), which is
readily available, can be converted to a cost-effective and effi-
cient adsorbent for removing SO from aqueous solutions.
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