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Abstract

In this study, activated carbon derived from groundnut shells (GSAC) was produced from
the by-product of agricultural products for the kinetics, equilibrium, and thermodynamics
studies of Direct Red 1 (DR 1) dye adsorption from aqueous solution. GSAC was
characterized using the field emission dual beam-scanning electron microscopy/focused ion
beam (FES-SEM/FIB), Fourier transforms infrared spectroscopy (FT-IR), and UV/visible
spectrophotometer. Adsorption experiments were carried out using batch mode in order to
investigate the effects of contact time (10-50 min), temperatures (28°C—50°C), initial dye
concentration (10-50 mg/L), and pH (2—10) on the removal of DR 1 dye. Pseudo-first-order
and pseudo-second-order kinetics' models were employed for the fitting of observed kinetic
data. The experimental data was found to be best described by pseudo 2" order kinetic
model. It was noted that the observed specific adsorption rate constant (koss) for its kinetics
increased by 61.96% and 59.70% when the temperature was increased from 301 K to 313 K,
and from 301 K to 323 K, respectively. The activation energy (E.) was determined as 6.35
kJ/mol. Langmuir and Freundlich isotherm models were utilized for the fitting of equilibrium
data with good correlation coefficients (i.e., Pearson's r) and coefficients of determination
(i.e. adjusted R?). Thermodynamic analysis reveals that the adsorption process was
spontaneous, the changes in entropy (AS) and enthalpy (AH) were found to be 0.07 kJ/mol
K and 18.31 kJ/mol, respectively. GSAC was shown to be a promising adsorbent for the
adsorption of DR 1 dye from aqueous solutions.
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1. Introduction

Presently, more than 10,000 dyes commercially exist with a global yearly production in surplus of 7
x 10° million tons and approximately 5—-10% of these dye-stuffs are ejected into water as wastes [1]. Of
all these class of dyes, Azo dyes are the largest class of synthetic dyes since it accounts for 60—70% of
the dye’s total utilization in dyeing and printing applications [2]. Its prolonged uses show that most of
the Azo dyes and their reaction products have carcinogenic consequences, which indicates that it is very
necessary to eliminate the dyes from the industrial wastewater previous to the wastewater disposal.
However, the wastewater containing Azo dyes are very difficult to decolorize because they contain one
or more Azo groups with aromatic ring and sulfonate groups in their chemical structure which induce
that they are resistant and stable at aerobic digestion and oxidizing agent environment, respectively.

Globally, synthetic dyes are extensively used in textile, paper, printing, plastic, leather and cosmetic
industries. An assortment of pollutants such as dyes, degradable organics, surfactants, heavy metals, pH
adjusting chemicals, etc., can be established in textile wastewater [3]. In addition, colored effluent can
have an effect on photosynthetic processes of aquatic plants, plummeting oxygen levels in water and in
stern cases, resulting in the suffocation of aquatic flora and fauna [4,5]. Among the synthetic dyes is C.
L. Direct Red 1 (DR1), commercially called Congo red (CR) and also known as (disodium 4-amino-3-
[[4-[4-[(1-amino-4-sulfonatonaphthalen-2-yl)diazenyl]phenyl|phenyl]diazenyl]-naphthalene-1-
sulfonate), which has two azo bonds (-N=N-) chromophores in its molecular structure. This is a typical
example of anionic diazo dyes that can be obtained by coupling tetrazotised benzidine with two
napthionic acid molecules. It is also the earliest synthetic dye produced, which can directly dye cotton
materials. DR1 is a linear anionic secondary diazo dye, it is soluble in many organic solvents, but
yielding red colloidal fluorescent solutions in aqueous media due to its hydrophobicity made by the
presence of biphenyl and naphthalene groups in the molecule [6]. The postulated mechanism for DR1
aggregation is by hydrophobic interaction involving the n—n bonds of the aromatic rings making planar
structures [7].

Since DR1 dye was often used in the dyeing process in many industries, it was used as a
representation of synthetic dye in this study. Owing to its structural stability and complex structure,
wastewater containing DR1 are resistant to biodegradation [8,9,10]. Moreover, DR1 has also been
known as a highly toxic substance, unpleasant and suspected to be mutagenic and carcinogenic. These
negative features will lead to a variety of hazards that pose a significant risk to the environment and
human health. Therefore, the treatment of DR1 dye effluent is very important. However, the traditional
physical, chemical and biological means of wastewater treatment often have little degradation effect on
this anionic secondary diazo dye pollutant due to their complex aromatic structures, which provide them
with physicochemical, thermal and optical stability [11]. DR1 was frequently used in the dyeing process
for many industries such as textiles, leather, food, paper, printing, pharmaceutical, cosmetics, etc.
However, the waste water produced from these industries involving DR1 has contributed to serious
environmental issues due to its natural aesthetic, where the colours can be seen even at low
concentrations [9]. The reactive azo DR1 dye, which is also difficult to biodegrade, was not affected by
the conventional treatment. Therefore, pollution caused by industries involving DR1 may become a huge
problem in the future without proper pollution control.

Adsorption is one of the most practicable and widely used powerful techniques for getting rid of
different sorts of contaminants [12]. It has been successfully employed in the treatments of various dyes
from textile wastewater by decolorization of the effluents [13]. However, one of the major demerits of
the adsorption is the high costs of purchasing the commercial grade activated carbon for the textile
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wastewater treatments. As a result, this obliges the need for the low cost adsorbents. Consequently, there
is a growing interest in the development and application of activated carbon derived from agricultural
by-products. One of the potential abundant by products that can be transformed into low cost activated
carbon and applied for wastewater treatment as well as water purification is the groundnut shells. The
total production of the groundnut reported in 2007 was 34.9 million metric tons [13]. However, very
little attention is paid to utilization of groundnut shell agricultural waste for the development of low-cost
adsorbents for potable water purification and wastewater treatment.

The profitable operation of adsorption processes solely relay upon the properly designed adsorber. An
efficient adsorber can only be designed and developed after fully understanding the kinetics, equilibrium
and thermodynamic parameters. Specific rate constant and order of the adsorption are the relevant kinetic
parameters that play an essential role in characterizing the rate of adsorption and the adsorber design.
These pertinent data are required in the development of any kind of functional adsorber at different sizes
such as bench, pilot, and commercial scales. Many studies have been reported on the kinetics,
equilibrium and thermodynamics of different sorts of dyes adsorption on activated carbon and other
material derived from agricultural by products [14-24]. However, there is no such report on DR 1 dye
adsorption onto groundnut shell based activated carbon in the open literature to the best of our
knowledge. The current studies involve the kinetics, equilibrium and thermodynamics studies of DR 1
dye adsorption onto activated carbon derived from groundnut shells.

2. Methodology
2.1 Production and characterization of groundnut shell activated carbon

Groundnut shell was obtained from Zaria. The production processes consist of drying and particle
size reduction of the groundnut shells, activation of the ground samples with 100 cm?® solution of 45%
or 50% (w/v) phosphoric acid concentration for 12 hours impregnation time, followed by carbonization
in a furnace at a temperature between 400 and 600°C for 1 hour.

2.2 Adsorbate

Distilled water was used for washing and filtering the end product several times until the pH falls
between 6.44 and 6.87. Then, it was completely dried in an oven at 110°C for 6 hours. Direct Red 1 (DR
1) dye was obtained from the Department of Textile Science (now Polymer and Textile Engineering
Department), Ahmadu Bello University, Zaria. It was chosen from the class of azo dyes and employed
as the model adsorbate in the present investigations due to their wide application. DR 1 has a beautiful
molecular structure as shown in Figure 1 with the main functional group as vinyl sulphone.
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Figure 1. Molecular structure of Direct Red 1 dye

It has a commercial name popularly known as Congo Red. The colour index (C.I.) number of DR 1
is 22310, CAS number of 2429-84-7, molecular weight of 696.68 gmol!, molecular formula of
C32H22N6O6S2Na,, Lambda max of 500 nm, and solubility of 30 g/L in water at 80 °C. A stock solution
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of 200 mg/L of DR 1 in distilled water was prepared. The pH was determined to be 6.23. Desired
concentrations of the working solutions were prepared by successive dilution of the stock solution.

2.3 Adsorption kinetics and equilibrium studies

The adsorption experiments for the kinetics and equilibrium studies were conducted batch wise
ina 250 mL conical flask. 100 mL of 50 mg/L of the standard working solutions of the DR 1 dye solution
was mixed with 1.0 g of the GSAC adsorbent. Then, the mixture was stirred thoroughly at the following
temperatures: 28°C ambient condition, 40°C, and 50°C with constant speed of 350 rpm of a magnetic
stirrer for pH from (2—10), initial dye concentration from (10-50 mg/L), and contact time from (10-50
min) in a hot plate. After attaining the equilibrium, a vacuum pump filter was used for filtering the
mixture. The absorbance of each sample at the maximum adsorption wavelength (Anax=500nm) of the
DR 1 dye solutions were observed, measured, and recorded using UV/Visible spectrophotometer at the
beginning and at the end of each experiment. The quantity of adsorbate adsorbed at equilibrium, qe
(mg/g) was determined using Eqn. 1. The two experiments for the adsorption kinetics and equilibrium
studies were similar. However, the only difference was that the experiments for the kinetics studies were
observed at specified time intervals. The quantity of adsorbate, ¢: (mg/g) at time ¢, and the removal
efficiency of DR 1 dye, R (%) were estimated using Eqns. 2 and 3, respectively.

C,—C
Go = °M o W e 1)
Co — C¢
= D 2
qe M (2)
. Co — C¢
Removalef ficiency, R(%) = X L00. .o 3)

0

Where M is the mass of the adsorbent used (g), Co, Ce, Ct (mg/L) are the liquid phase concentrations of
adsorbate (DR 1 dye) at initial, equilibrium, at any time ¢ (min), respectively, R is the DR 1 dye removal
efficiency in (%) and V is the volume of the solution (mL).

2.3.1 Adsorption kinetics
In describing the kinetics of DR 1 dye adsorption onto the GSAC, the kinetic models for pseudo-first-
order, pseudo-second-order and intra-particle diffusion were utilized.

The model for the pseudo first-order kinetic expression
The rate law for the pseudo first-order adsorption of the DR 1 dye onto GSAC can be expressed
according to Lagergren, [25] as shown in Eqn. 4.

dq.

- Ki(Ge = Qi) oo 4)

where k1 (min-1) is the observed specific rate constant for the pseudo first-order adsorption kinetic
model. Using the boundary conditions: ¢;= 0 at = 0 and ¢; = ¢; at ¢t = ¢ for integrating Eqn. 4, and
rearranging into a linear form gives Eqn. 5:

109g(e — qt) = 109G — mte oo e (5)

It is observed that g. and k; can be found from the intercept and slope of the plots of log(q. — q;) versus
t for different kinetic data at different conditions as shown in Eqn. 5.

Isah et al,, J. Mater. Environ. Sci., 2022, 13(9), pp.- 988-1002 991



The model for the pseudo second-order kinetic expression
Similarly, the rate law for the pseudo second-order adsorption of DR 1 dye onto the GSAC can be
expressed based on the relation reported by Ho and McKay [26] as shown in Eqn. 6.

dqe

e ky(Qe — Q)2 e, (6)

Where k, (min g mg™) is the observed specific rate constant for the pseudo second-order adsorption
kinetic model. Using the boundary conditions: ¢;= 0 at = 0 and g; = g; at ¢t = ¢ for integrating Eqn. 6,
and rearranging into a linear form produces Eqn. 7.

Hence, the initial adsorption rate for DR 1 dye, 7,0(mg L'min'), ¢g. and ge can be determined
experimentally from the slope and intercept of the plots of #/g; versus ¢ for different kinetic data at
different conditions as shown in Eqns. 7 and 8.

The model for the intra-particle diffusion expression
The likelihood for intra-particle diffusion step to control the adsorption rate of DR 1 dye onto the GSAC
was examined using the expression reported by Weber and Morris [27] as shown in Eqn. 9.

Where C; is the resistance to the mass transfer across the film, and k;, is the adsorption rate constant for
intra-particle diffusion. If intra-particle diffusion controls the process (i.e. the rate-limiting step), then
plots of g, versus the square root of time (¢//?) would give a straight line. The values of k;; and C; can be
found from the slope and intercept of the Eqn. 9 plots.

The temperature effects on the adsorption

The influence of temperature on the adsorption of the DR 1 dye onto the GSAC was examined by varying
the temperature regimes of the adsorption which in turn affects the activation energy of the process and
perhaps have dominant effects on the specific adsorption rate constant. The expression reported by
Arrhenius [28] as shown in Eqn. 10 was used in estimating the activation energy of the adsorption.

K(T) = A@RT ... e (10)

Taking the logarithms both sides of Eqn. (10) give Eq. (11).

Ea /1
Ink(T) = Ind — = (T) ..................................................... (11)

where £ is the specific rate constant of adsorption, A4 is the frequency factor or pre-exponential factor, R
is the universal gas constant (8.314 J mol! K!), E is the activation energy, (J mol'!), and T'is the absolute
temperature (K). £, can be evaluated experimentally from the slope of the plots of Ink(T) against (1/T)
for different temperatures as shown in Eqn. 11.
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2.3.2 Adsorption equilibrium isotherms

The relationship for the adsorption process correlates the quantity of the adsorbent (GSAC) used in
adsorbing the amount of adsorbate at equilibrium as a function of concentration at constant temperature
are called isotherms. For high diluted solutions, the interactions between the molecules of the dissolved
adsorbate and the solvent can be neglected, and the process can be modelled based on the assumption of
single-gas adsorption [12]. In this case, Langmuir and Freundlich isotherms can be used in describing
the equilibrium data. order, pseudo-second-order and intra-particle diffusion were utilized.

The model for the Langmuir Adsorption isotherms
The adsorption isotherms for Langmuir [29] have been employed to describe the adsorption of adsorbate
based on the concepts of monolayer on energetically uniform homogeneous solid surfaces. They occur
with no interactions among the adsorbate molecules and have the same attraction for the impinging
molecules. The expression for Langmuir isotherm can be written in linear form as shown in Eq. 12:
C, 1 1
== +—C
qe KA dm dm

where K, is the Langmuir constant, which is related to the energy of adsorption (L/mg) and the affinity
of the binding sites, and qm is the maximum adsorption capacity (mg/g). K4 and g» can be found from
the intercept and slope of the plot of C./g. against C.. Alternatively, Eqn. 12 can be rearranged to give
Eqn. 13 as:

K4 ana gm can be determined from the slope and intercept of the plot of //g. versus 1/C. of Eqn. 13.

The model for the Freundlich Adsorption isotherms

In the case of non-ideal adsorption with nonuniform heterogeneous surfaces and occur at sites of
different energy levels, the adsorption isotherms for Freundlich [30] have been utilized in describing the
process as shown in Eqn. 14:

1

where Krand n are the constants of Freundlich isotherms. Krshows adsorption capacity, while //n is the
adsorption intensity.
Eqn. 15 is the linear form of Eqn. 14 for the Freundlich adsorption isotherms.

1
Inq, = InKy + (;) INCone (15)

The constants of Freundlich isotherm Krand » can be obtained from the plot of In g. against In Ce.

2.3.3 Adsorption thermodynamics

Thermodynamic parameters are essential in understanding the type of the adsorption. These parameters
include the changes in the standard enthalpy (AH®), standard entropy (AS®), and standard Gibbs free
energy (AG®). Changes in Gibbs free energy can be found at constant temperature and also from Van't
Hoff relation as shown in Eqns. 16 and 17, respectively.

AG™ = AH = TAS ... (16)
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The changes in the standard entropy and enthalpy, AS°® and AH® can be evaluated from Eqns. 18.

P ASTAH a8
ng = R RT T

where Ky is the coefficient of distribution which is considered to be equivalent to g./Ce.

3. Results and Discussion
3.1 Production and characterization of groundnut shell activated carbon

Activated carbon was produced from the groundnut shells (GSAC) and the products were
characterized using various analytical techniques. Field emission dual beam-scanning electron
microscopy/focused ion beam (FES-SEM/FIB) was employed for the detailed microstructure of the
activated carbon derived from groundnut shells as shown in Figure 2.

SEM HV: 10 kV LYRA3 TESCAN

View field: 28.9 uym
SEM MAG: 10.0 kx Date(m/d/y): 09/15/12

Figure 2. FES-SEM/FIB micrograph of ground nutshell activated carbon (GSAC) produced at 600°C from
agricultural byproducts activated with 45% (w/v) of H3POs,

The Fourier Transform Infrared (FTIR) spectroscope (100 FT-IR, NICOLET) was deployed for the
analysis of functional groups of the GSAC products. Different functional groups such as OH and C-H
aromatic, C-H aliphatic, C=0 and C-O stretching were found in the products.

3.2 Influence of contact time and temperature

The temperature effects and the influence of contact time on the adsorption of DR 1 dye onto the
GSAC were concurrently examined at different temperatures and contact time ranging from (301-323
K) and (10-50 min), respectively at pH of 6.23 as shown in Figure 3. It can be observed from the removal
efficiency plots that the adsorption of DR 1 dye onto the GSAC increases as the temperature and contact
time was raised, sowing the process to be endothermic. The percentage removal of the dye adsorption
increased from 29.58 to 59.78% at 301 K, 62.62 to 90.18% at 313 K, and 66.96 to 93.04% at 323 K
when the contact time was raised from 10 to 50 minutes, respectively. This perhaps be resulted due to
the increase in the kinetic energy of the adsorbate molecules which will lead to an increase in the number
of active sites adsorption because of the temperature increase. However, the detailed kinetic analysis is
only way that can disclose the actual impacts of process variables and performance of the adsorption at
different temperature regimes and contact times.
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Figure 3. Influences of temperature and contact time on DR 1 dye removal efficiency of GSAC (adsorbent dosage
=1.0 g L', dye concentration = 50 mg L', and pH of DR 1 dye solution = 6.23).

3.3 Influence of pH and contact time

The effects of contact time and pH on the adsorption of DR 1 dye onto the GSAC were
simultaneously investigated at different contact time and solution pH ranging from (10-50 min) and
(2.0-10.0) at temperature of 313 K, respectively. The natural pH of the dye solution was adjusted with
either 1 molar of HCI or 1 molar of NaOH solutions. One the crucial manipulated variables that
influences dye adsorption is the pH of an adsorbate. It controls the magnitude of electrostatic charges
which are impacted by the ionized dye molecules. Likewise, studies have been conducted on the
isoelectric point (pHiep) or point of zero charge (pHp.c) in order to understand the mechanism and the
rate of dye adsorption using agricultural by-products [31,32]. It can be observed from the plot as shown
in Figure 4 that the adsorption of DR 1 dye increases in the acidic medium more predominantly than in
the alkaline medium at 313 K. On the other hand, the dye removal efficiency reduced from 73.04 to
66.08, 64.36 to 40.00 and then to 32.92%, at the lowest contact time of 10 minutes when pH was raised
from 2 to 3, 4, 8 and 10, respectively. Moreover, the highest adsorbate removal efficiency was
determined to be 98.40% at contact time of 50 minutes when pH was only changed to 2.0. Thus, it can
be concluded that the adsorption rate of the adsorbate varies with the changes in pH of the working
solutions.

3.4 Influence of temperature and initial dye concentration

The influence of temperature and initial dye concentration on the adsorption of DR 1 dye onto the
GSAC are exhibited in Figure 5. It was examined at different temperature regimes and initial dye
concentrations ranging from (301-323 K) and (10-50 mg L!) at a pH of 2.0 and contact time of 20
minutes, respectively. It can be noted that the removal efficiency of the adsorbate has a linear and inverse
relationships with temperature and initial dye concentration, respectively. The removal efficiency was
decreased from 88.71 to 72.50% at 301 K, 93.60 to 76.50% at 313 K, and 96.0 to 82.0% at 323 K due
to the increase in the initial dye concentration from 10 to 50 mg L' at contact time of 20 minutes.
However, it was increased from 88.71 to 93.6 and then to 96.0% at 10 mg L"!, and from 72.5 to 76.5 and
subsequently to 82.0 % when temperature was raised from 301 to 313, and then to 323 K, respectively.
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Figure 4. Influences of contact time and solution pH on DR 1 dye removal efficiency of GSAC (adsorbent dosage
=1.0 g L', dye concentration of 50 mg L™, and temperature of 313 K).
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Figure 5. Influences of initial dye concentration and temperature on DR 1 dye removal efficiency of GSAC
(adsorbent dosage of 1.0 g L', dye solution pH of 2.0, contact time of 20 minutes).

3.5 Analysis for adsorption kinetics

The results found from the model fittings of DR 1 dye adsorption onto the GSAC with pseudo first-
order, pseudo second-order kinetic expressions, and intra-particle diffusion using Weber and Morris [33]
at 28°C, 60°C and 80°C are shown in Figures 6, 7 and 8, respectively. From the plots of adsorption
kinetics, it can be observed that both pseudo first-order kinetics and pseudo second-order rate expression
for the DR 1 dye adsorption onto the GSAC have a good agreement with the experimental data as
exhibited in Figures 6 and 7. However, it can be noted that the linear fittings of #/g; versus ¢ plots show
a better agreement of the kinetic data with the model of pseudo second-order kinetic expression at
different temperatures. This remarkable difference can be seen from the results presented in Table 1 for
the models’ comparisons.
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Figure 6. Pseudo-first-order kinetics for adsorption of DR 1 dye onto the GSAC at 50 mg/L initial dye
concentration, dye solution pH of 2.0 and different temperature regimes.
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Figure 7. Pseudo-second-order kinetics for adsorption of DR 1 dye onto the GSAC at 50 mg/L initial dye
concentration, dye solution pH of 2.0 and different temperature regimes.

Table 1. Comparison of the pseudo-first-order and pseudo-second-order kinetics models for the DR 1 dye
adsorption onto the GSAC at different temperatures and pH of 2.0

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

Temp.  qe, exp qe, cal Kobs Pearson's  Adj. qe, cal Kobs TA0 Pearson's  Adj.
X (mgg"h (mggh (min") r 1§ (mgg") (gmg'min) (mgL'min") r 1§
301 300 2179 331x10% 0992 0975 3929 482x 102 7.44x 10" 0.963 0.902
313 4.61 3010 6.19x 102 -0.983 0.949 5263 12.67x 107 35.10% 10°! 0.998 0.995
323 4.75 3171 6.13x 107 -0.963 0.891 5.464 11.96% 102 35.71x 10" 0.995 0.986
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Table 2. Comparison of the pseudo-first-order and pseudo-second-order kinetics models for the DR1 dye
adsorption onto the GSAC at different pH and temperature of 40°C.

Pseudo-first-order kinetic model Pseudo-second-order kinetic model
e, €XP e, cal Kobs Pearson' Adj. e, cal Kobs A0 Pearson' Adi.
pH (mgg!) (mgg!) (minl) ST R? (mgg!) (gmg!min!) (mgL'min!) sr R?
2.0 3.992 2282 >12x102 -0979 9946 5353  3.08x102 088 0.997 0992
3.0 3857 2386  489x102 -0998 9994 5342  264x102 075 0.998  0.995
4.0 3.837 2474 4.65x 102 -0.991  (g73 5317 2.32x 102 0.66 0.996 0.989
8.0 3.863 4.492 7.89x 102 -0.976 (929 4.873 1.23x 102 0.29 0.988 0.968
10.0 4.104 3.328 5.97x 102 -0858 (604 4.975 9.27x 103 0.23 0.963 0.904
= 28°C
e 40°C
6 A 50°C
- s
>4 _—
é A K
ko2 o .-
-
2 e
e
O_
3 % 5 6 7 8
t1/2(min1/2)

Figure 8. Intra-particle diffusion kinetics for adsorption of DR 1 dye onto the GSAC at 50 mg/L initial dye
concentration, dye solution pH of 2.0 and different temperature regimes.

Table 3. Webber-Morris intra-particle diffusion model for the kinetics of DR1 dye adsorption onto the GSAC at
different temperatures and pH of 2.0.

Temp. (K) kia (mg min"'2g) Cig, cal (mg g'!) Pearson'st  Adj. R?
301 0.3740.05 0.2410.25 0.977 0.940
313 0.3940.01 1.90+0.05 0.999 0.998
323 0.3840.04 2.04+0.22 0.983 0.956

Table 4. Webber-Morris intra-particle diffusion model for the kinetics of DR1 dye adsorption onto the GSAC at
different pH and temperature of 40°C.

pH kia (mg min""g) Cig, cal(mg g Pearson's r Adj. R?
2.0 0.31740.02 2.601+0.09 0.996 0.990
3.0 0.36610.02 2.185+0.12 0.995 0.986
4.0 0.37740.02 1.996+0.14 0.994 0.983
8.0 0.457+£0.05 0.528+0.30 0.979 0.945
10.0 0.48240.07 0.165+0.51 0.949 0.867
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The values obtained for the Pearson's r and adjusted R? for the pseudo second-order model are slightly
higher than that of pseudo first-order model at all temperature regimes. Similarly, the observed kinetics
at 40°C for different pH values of the working solutions showed a better agreement with the model of
pseudo second-order kinetics than pseudo first-order rate law. The summaries of the results are compared
in Tables 1 and 2.

The possibility for intra-particle diffusion step to control the adsorption rate of DR 1 dye onto the
GSAC was analysed with the aid of Webber and Morris model. The results for the adsorption of DR 1
dye at different temperature regimes are depicted in Figure 8. The Pearson’s r and adjusted R? are
exhibited in Table 3. Likewise, the observed kinetic data generated at 40°C for different pH values of
the working solutions were fitted with the kinetic model for intra-particle diffusion. The results obtained
are shown in Table 4 for comparison with that of Table 2. After careful observations from the results,
the kinetic model for the pseudo second-order appears to be the best model that describe the kinetics at
301, 313, and 323 K, and solution pH of 2.0, 3.0, 4.0, 8.0, and 10.0. The activation energy (E,) was
evaluated as 6.35 kJ/mol. It was noted that the observed specific adsorption rate constant (koss) which
characterize the adsorption kinetics for the pseudo second-order decreased by 1.09 and 1.19 folds when
the temperature was raised from 301 K to 313 K, and to 323 K, respectively. Hence, it can be inferred
that the k,»s has an inverse relationship with temperature.

3.6 Analysis for adsorption equilibrium isotherms

The equilibrium relationship for the adsorption are pertinent in the design and development of adsorbers
as well as adsorption processes. This relationship is used to describe how adsorbent active sites interact
with adsorbate molecules in adsorption. Langmuir and Freundlich adsorption isotherms were utilized
for fitting the equilibrium data for the adsorption of DR 1 dye onto the GSAC. Table 5 presents the
results of the model parameters for the adsorption isotherms with their correlation coefficients,
coefficient of determination, Pearson's r, and adjusted R2.

Table 5. Langmuir and Freundlich isotherm constants for the adsorption of DR1 dye onto the GSAC at various
temperatures and pH of 2.0.

Langmuir isotherm model Freundlich isotherm model
Temp. (max Ka Pearson's Adj. Kr n Pearson's Adj.
(K) (mg g™ (L mg™ r R? (mg" "Lt gt r R?
301 5.105+0.057  0.184+0.04  0.999 0.997  0.886 172 0.989 0.970
313 441410010 0565+0.06  0.997 0992 1315 201 0.969 0.919
323 >08310009 04931004 0997 0.992 1524 2.04 0990 0.974

These results show a good agreement between the experimental data and the two tested models for the
adsorption. It can be noted that the equilibrium data for the three (3) different process conditions are
well fitted. For Langmuir adsorption isotherms, it can be inferred that there is uniform homogeneity of
each molecule of the DR 1 dye adsorbed on the active site of the GSAC surfaces. This is is due to the
concept of monolayer adsorption of the adsorbate molecules on the outer surfaces of the GSAC with the
same attraction, no interactions, and equal activation energy among them. However, in the case of the
Freundlich adsorption isotherms, the equilibrium interactions are characterized by the non-ideality, non-
uniformity and heterogeneity of the adsorbate molecules adsorption on the active sites of the GSAC
surfaces. It can be observed that the exponents, n obtained from the analysis of Freundlich adsorption
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isotherms are greater than 1 as shown in Table 5. Based on these values, the adsorption is considered to
be favourable.

3.7 Analysis of thermodynamics parameters

Thermodynamic analysis was carried out in order to determine the thermodynamic parameters such the
changes in the standard Gibb's free energy (AG®), enthalpy (AH®), and entropy (AS°®) for the adsorption
process. The results are presented in Table 6. The negative value of AG® indicates the feasibility of the
adsorption process to be spontaneous. The positive values of AH® and AS® confirm that the adsorption
process is endothermic and there is an increasing randomness at the interface of solid-liquid during the
adsorption of the DR 1 dye onto the GSAC.

Table 6. Thermodynamic parameters of DR 1 dye adsorption onto the GSAC.

Temperature(K) Parameters
AG° AH° AS°
(kJ/mol) (kJ/mol)  (kJ/mol K)
301 -2.99 18.31 0.07
313 -3.50
323 -4.42

4. Conclusions

Kinetics, equilibrium, and thermodynamic studies for the adsorption of DR 1 dye onto the GSAC were
successfully conducted. The findings of this investigation indicate that activated carbon derived from
groundnut shell agricultural by products can be successfully employed for the adsorption of DR 1 dye.
The results depicted that the pseudo second order kinetic was best model that described the adsorption
of DR 1 dye with the values of correlation coefficient of 0.993, 0.998, 0.995, and coefficient of
determination of 0.979, 0.995 and 0.986 at 28°C, 40°C, and 50°C respectively. It was noted that the kops
above the temperature regime of 313 K has an inverse relationship with temperature. It was found that
kobs for its kinetics increased by 61.96% and 59.70% when the temperature was increased from 301 K to
313 K, and from 301 K to 323 K, respectively. These results disclose that adsorption will not favourable
above the temperature regime of 313K. The E, was determined as 6.35 kJ/mol. Based on the models for
the equilibrium adsorption isotherms, Langmuir isotherm was the best model to fit the equilibrium data
for the DR 1 dye adsorption. Thermodynamic analysis reveals the process was spontaneous since the
AG is negative, while the AH and AS were found to be 19.46 kJ/mol and 0.072 kJ/mol K, respectively.
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