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Abstract

Batch removal of Pendimethalin (PE) from aqueous solution using carbonized bambara groundnut shells
(CBGNS) adsorbent under different experimental conditions was investigated in this study. The CBGNS were
characterized by pore volume, bulk density, moisture content, FT-IR spectroscopy and SEM spectroscopy
analysis. The influences of initial PE molecule concentration (10 to 60 mg-l'l), pH (3 to 8), contact time (20 to
120 mins) and adsorbent dosage (0.2 to 1.2g) have been reported. Adsorption of PE is highly pH-dependent and
the result indicate that the optimum pH for the removal was found to be 6 for CBGNS. Adsorption equilibrium
data were fitted to Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm models and the
equilibrium data for CBGNS were best represented by the Freundlich isotherm. A comparison of kinetic
models applied to the adsorption of PE molecule on the CBGNS was evaluated for the pseudo first-order, the
pseudo second-order, Elovich and intraparticle diffusion kinetic models, respectively. Results show that the
pseudo second-order kinetic model was found to correlate the experimental data well. Thermodynamic
parameters such as enthalpy (AH), entropy (AS) and free energy (AG) were evaluated.
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1. Introduction
The wide spread use of pesticides in agriculture, and domestic activities for controlling pests kept

raising and polluting water bodies day by day [1]. Due to the threat posed by such act to the
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ecosystem, therefore, there is need to curb such practices [2]. Pesticides form a strong class of
water pollutants, as they are mostly non-biodegradable [3]

Pendimethalin (3, 4-dimethyl-2, 6-dinitro-N-pentan-3-ylaniline) is a selective dinitroaniline
herbicide which acts as a microtubule disruptor by inhibiting cell division and cell elongation in plants.
It is almost non-volatile and its half-life in soil condition is about 30- 90 days but varies depending on
various environmental factors like pH, moisture content, temperature and microbial activity [4].
Pendimethalin is a selective herbicide, applied before emergence to cereals, maize, and rice, and with
shallow soil incorporation before seeding bean, cotton, soy beans, and groundnuts. In vegetable crops,
it is applied before emergence or transplanting, and it is also used to control suckers on tobacco [4].

The wide use of pendimethalin however, negatively impacts the water quality and poses threat to
the environment and ecosystem, even though its use is in a limited amount despite its use is within the
permitted dosage. Adsorption technique is favourable for pendimethalin removal due to its simplicity as
well as the availability of a wide range of adsorbents. The use of the activated carbon in removing many
pesticides from aqueous solution has been demonstrated in the literature [2, 5]. However due to the high
cost of activated carbon, its usage in the removal of pendimethalin is less attractive. Thus, there is a
demand for alternative adsorbents which are made of in expensive materials such as agricultural wastes.
Since, BGNS is abundant in Nigeria and constitute a waste disposal problem. This material can be easily
processed as a good adsorbent. Most of the reported work on the use of Bambara groundnut shells
product is on the removal of dyes and has to do with the ability of these adsorbent in adsorbing the dyes.
There are few reports on the specific mode of action of the adsorbent and the extent of adsorption: [5, 6,
7, 8].

The aim of the present study is to remove pendimethalin herbicide from aqueous solution using
carbonized bambara groundnut shells. More also evaluate the equilibrium adsorption data using the
notable adsorption isotherms, kinetics and thermodynamics studies as well as proposing the possible
adsorption mechanism from the insight obtained from adsorption isotherms studies. The molecular

structure of pendimethalin herbicide is shown thus;
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Fig. 1. Molecular structure of Pendimethalin (3, 4-dimethyl-2, 6-dinitro-N-pentan-3-ylaniline)

AJCER



T. A. Nyijime et al. / Arab. J. Chem. Environ. Res. 08(2) (2021) 315-335 317

2. Materials and methods

2.1. Plant material

Bambara groundnut shell (Vigna subterranean) (BGNS) were obtained from farm in Zaki-Biam, Ukum
Local Government area of Benue State, Nigeria. Bambara groundnut is Voandzeia subterranean (L)
thouars, synonyms of Vigna subterranea and belongs to plantea of the family of Fabaceae and sub
family of Faboidea. An annual herb with short creeping much branched stems, rooting at node. The pods
are hard and wrinkled when dry. Each pod contains one or two seeds. The colour of the seed varies from
black, brown or red and may be mottled with various colures [9]. Before consumption, the hulls are

removed and generally regarded as waste.

2.2. Preparation of Adsorbent

The Bambara groundnut shells obtained, after removing the seeds from the pods, were thoroughly
washed with water to remove dust and other impurities. The shells were then air-dried and oven-dried at
80 °C to constant weight in the laboratory. The dried shells were then pulverized and sieved into fine
particles as previously described by Akinola ef al. [10]. 100g of Bambara ground nut shell (BGNS) was
carbonized in the muffle furnace at 450 °C for 1 hour. The carbon produced was washed with plenty of

water and dried as described by Ash et al. [11] and was kept for further usage.
2.3. Preparation of Pendimethalin (PE) solution

1000mg/1 of the PE solution was prepared by mixing 2ml of the 500mg/l pendimethalin solution in
1000ml standard volumetric flask and made up to mark. Serial dilution was carried out using distilled

water to give solution concentration of 10, 20, 30, 40, 50 and 60mg/1 of pendimethalin solution.
2.4. Determination of bulk density

The bulk density of carbonized Bambara groundnut shells (CBGNS) was determined using
Archimedes‘s principle by weighing 10cm’® measuring cylinder before and after filling with the samples.
The measuring cylinder was then dried and the sample was packed inside the measuring cylinder, leveled
and weighed. The weight of the sample packed in the measuring cylinder was determined from the
difference in weight of the filled and empty measuring cylinder. The volume of water in the container
was determined by taking the difference in weight of the empty and water filled measuring cylinder. The
bulk density was determined using the equation (1) [12].

Wp-W,

Bulk density = v

(1)
W, is weight of empty measuring cylinder, W, is Weight of cylinder filled with sample and V is Volume.
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2.5. Determination of Moisture Content

This was done by the gravimetric method as described by AOAC, [13] and Onwuka, [14]. 5g of CBGNS
was weighed and put into a weighed crucible. The crucible and its sample content were dried in the oven
at 105 °C for 3 hours in the first instance. It was cooled in desiccator and reweighed. The weight was
recorded while the sample was returned to the oven for further drying. Sample was heated for the second
time at 105 °C for 30 min, cooled in desiccator and weighed again. The procedure was repeated several
times at the same temperature for 15 min until a constant weight was obtained. The percentage moisture

content of each sample was calculated using equation (2):

% moisture content= —2—2% X 100 (2)
W,-W,

Were; W, is Weight of crucible, W, is Initial weight of crucible with sample, W3 is Final weight of

crucible with sample
2.6. Determination of Pore (Void) Volume

In order to determine the pore volume of the CBGNS, 2.0 g of the sample was immersed in water and
boiled for 15 min. After the air in the pores had been displaced, the sample was superficially dried and

reweighed. The increase in weight divided by the density of water gave the pore volume [5].
2.7. Scanning Electron Microscope (SEM)

The surface morphological change of CBGNS samples were investigated using Scanning Electron
Microscope (Phenom World Eindhoven) Scanned micrographs of CBGNS before and after adsorption

were taken at an accelerating voltage of 15.00 kV and x500 magnification.)
2.8. Fourier transforms infrared (FT-IR) analysis

FTIR analysis of CBGNS before and after adsorption was carried out using Cary 630 Fourier Transform
Infrared Spectrophotometer Agilent Technology. The resulting residue collected was dried for FTIR
analysis. The analysis was done by scanning the sample through a wave number range of 650 — 4000

-1 -1 .
cm ;32 scans at 8cm’™ resolution.

2.9. Batch Adsorption Experiment

The equilibrium adsorption of the pendimethalin (PE) molecule onto CBGNS was carried out by
contacting 0.2g of the substrate with 10cm’ of different concentrations from 10 mg/L — 60mg/L in
250cm3 Pyrex conical flasks intermittently for 2h on the incubator shaker (Innova 4000 Medol). The

mixture was filtered and the residual concentration of the filtrate was analyzed using UV-visible
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Spectrophotometer (Perkin-Elemer). The same method was used while varying the contact time, the
adsorbent dosage, and temperature of adsorption during optimization experiments.. The amount of

adsorbed (mg/g) was calculated using the formulae mass balance of the equation (3) [5].

Pendimethalin uptake, q. = (Co—Ce)V

3)

m

Where: C, and C. are the initial and equilibrium concentration (mg/l) respectively of pendimethalin

solution, V is the volume of pendimethalin in solution (L), and m is the mass (g) of the adsorbent.

The percentage of removed pendimethalin concentrations (Rem %) in solution was calculated using

equation (4) [16].

o—Ce)

% Pendimethalin Removal = < x100 4)

Co

The data was fitted into the following isotherms: Langmuir, Freundlich, Temkin and Dubinin-

Raduskevich isotherms.

2.9.1 Optimization of adsorption parameters

i. Effect of pH
In order to determine adsorption density of the effect of pH onto CBGNS. The experiments were
performed in the pH range of 3 to 8 while keeping all other parameters constant PE concentration
50mg/L; adsorbent dose 0.1g; contact time 24h; temperature 25°C). The solution pH was adjusted to the
required value using 0. IMHCI or NaOH, and pH was measured using a pH meter (MP220). The filtrates
obtained from mixture were analyzed for residual un- adsorbed PE using UV visible spectrophotometer.

The quantity adsorbed was calculated from the equation (3) [17].

ii. Effect of contact time
0.1 g carbonized Bambara groundnut shells were weighed separately into a 100ml conical flasks. A
10cm’® of the optimum concentration (60 mg/L PE) solution was added into the beaker. Each solution
was agitated for different time intervals of 20, 40, 60, 80, 100 and 120 minutes to investigate the effect
of contact time. After the completion of the reaction, the mixtures were filtered, followed by the
determination of the residual PE concentrations using UV-visible spectrophotometer. The quantity of

the pendamethalin adsorbed from the solution was calculated using equation (3) presented earlier [18].

iii. Effect of adsorbent dosage
The adsorption of PE onto CBGNS was studied by changing the quantities of the adsorbents from 0.2g

to 1.2g in the test solution while keeping the initial PE concentration at 60 mg/L, temperature = 25°C,
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pH 5 and equilibrium time 2hr. The mixtures were agitated with an orbital incubator shaker (Innova
4000 Model). At the completion of the contact, the solutions were filtered and the filtrate was analyzed

for PE using uv-visible spectrophotometer [18].The quantity adsorbed was calculated from equation (1)

iv. Effect of PE concentration
To establish adsorption isotherms and the effect of pendamethalin concentration, aqueous solutions of
PE were prepared, in a concentration range from 10 to 60 mg/L while keeping all parameters at optimized
conditions and initial pendamethalin concentrations. Once the equilibrium has been attained, the
quantity of adsorbed PE, as well as the residual concentration in solution, were determined. The mixtures
were filtered. The unabsorbed PE in the filtrate was analyzed by UV-visible spectrophotometer [18].

The quantity of pendamethalin adsorbed, qe, was calculated using equation (1).

2.9.2. Adsorption Isotherm

Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm models were employed to describe
the experimental results of effect of pendimethalin herbicide adsorption:

i. Langmuir isotherm

This describes quantitatively the formation of a monolayer adsorbate on the outer surface of the
adsorbent, and after that no further adsorption takes place. Thereby, the Langmuir represents the
equilibrium distribution of herbicide ions between the solid and liquid phases [19]. The Langmuir
isotherm is valid for monolayer adsorption onto a surface containing a finite number of identical sites.
It is an empirical isotherm model derived from a proposed kinetic mechanism, and it is based on four
hypotheses: (a) the surface of the adsorbent is uniform, that is, all the adsorption sites are equal. (b)
Adsorbed contaminant molecules do not interact. (¢) All adsorption occurs through the same mechanism.
(d) At the maximum adsorption, there is only a monolayer formed: Molecules of adsorbate do not deposit

on other molecules of pollutant. Based upon these assumptions, Langmuir represented the following

equation:
Qok;c
e = > (5)
1+K;Ce

Langmuir adsorption parameters were determined by transforming the Langmuir equation (5) into linear

form.
11 1

de Qo QoKLCe

Where:

(6)

C. = the equilibrium concentration of adsorbate (mg/L)
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ge = the amount of herbicide adsorbed per gram of the adsorbent at equilibrium (mg/g).
Q, = maximum monolayer coverage capacity (mg/g)

K. = Langmuir isotherm constant (L/mg).

The values of qmax and Ky, were computed from the slope and intercept of the Langmuir plot of i versus

é[20]. The essential features of the Langmuir isotherm may be expressed in terms of equilibrium

parameter RL, which is a dimensionless constant referred to as separation factor or equilibrium
parameter [21]

R 1 (7

T1H(A+KLc,)
Where:
C, = initial concentration
K1 = the constant related to the energy of adsorption (Langmuir Constant).
Ry value indicates the adsorption nature to be either unfavorable if Ry >1), linear if Ry =1, favorable if

0< Ry;<1 and irreversible if R; =0.

ii. Freundlich Adsorption Isotherm
This is commonly used to describe the adsorption characteristics for the heterogeneous surface [22].
These data often fit the empirical equation proposed by Freundlich:
Qe = K:C.'" 8)
Where K¢ = Freundlich isotherm constant (mg/g)
n = adsorption intensity
C. = the equilibrium concentration of adsorbate (mg/L)
Q. = the amount of metal adsorbed per gram of the adsorbent at equilibrium (mg/g). Linearizing
equation (9), we have:
LogQ. = logkf +=1logC, (9)
The constant Kis an approximate indicator of adsorption capacity, while 1/n is a function of the strength
of adsorption in the adsorption process [23]. If n = 1 then the partition between the two phases are
independent of the concentration. If value of 1/n is below one it indicates a normal adsorption. On the
other hand, 1/n being above one indicates cooperative adsorption [24]. The function has an asymptotic
maximum as pressure increases without bound. As the temperature increases, the constants k and n
change to reflect the empirical observation that the quantity adsorbed rises more slowly and higher
pressures are required to saturate the surface. However, Kf and n are parameters characteristic of the

adsorbent-adsorbate system, which must be determined by data fitting and whereas linear regression is

AJCER



T. A. Nyijime et al. / Arab. J. Chem. Environ. Res. 08(2) (2021) 315-335 322

generally used to determine the parameters of kinetic and isotherm models [25] Specifically, the linear
least-squares method and the linearly transformed equations have been widely applied to correlate
sorption data where 1/n is a heterogeneity parameter, the smaller 1/n, the greater the expected
heterogeneity. This expression reduces to a linear adsorption isotherm when 1/n = 1. If n lies between

one and ten, this indicates a favorable sorption process [26].

iii. Temkin Isotherm
This isotherm contains a factor that explicitly taking into the account of adsorbent—adsorbate
interactions. By ignoring the extremely low and large value of concentrations, the model assumes that
heat of adsorption (function of temperature) of all molecules in the layer would decrease linearly rather
than logarithmic with coverage [27]. As implied in the equation, its derivation is characterized by a
uniform distribution of binding energies (up to some maximum binding energy) was carried out by
plotting the quantity adsorbed q. against /nC, and the constants were determined from the slope and

intercept. The model is given by the following equation [27].

RT
qe=n(Arc,)

RT RT
Je = ElnAT+(T)lnCe

de = BlnA;+BInC, (10)

Were;

At =Temkin isotherm equilibrium binding constant (L/g)
bt = Temkin isotherm constant

R= universal gas constant (8.314J/mol/K)

T= Temperature at 298K.

B = Constant related to heat of adsorption (J/mol)

iv. Dubinin—Radushkevich Isotherm Model
Dubinin—Radushkevich isotherm is generally applied to express the adsorption mechanism with a
Gaussian energy distribution onto a heterogeneous surface [28, 29]. The model has often successfully

fitted high solute activities and the intermediate range of concentrations data well

qe= (qs) eXp ('kadsz (1 1)
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Lnge-In (qs)-( Kage2) (12)

Where qc, qe, Kad , € are q. = amount of adsorbate in the adsorbent at equilibrium (mg/g)

qs = theoretical isotherm saturation capacity (mg/g), Kag = Dubinin—Radushkevich isotherm constant
(mol*/kJ?), € = Dubinin-Radushkevich isotherm constant.

The approach was usually applied to distinguish the physical and chemical adsorption of herbicides
molecule with its mean free energy, E per molecule of adsorbate (for removing a molecule from its

location in the adsorption space to the infinity) can be computed by the relationship [30].

_ 1
E _b[\/ZBDR] (13)
Where; Bpgr is denoted as the isotherm constant. Meanwhile, the parameter can be calculated as:
1
e =RTIn [1 + C—e] (14)
Where;

R, T and C. represent the gas constant (8.314 J/mol K), absolute temperature (K) and adsorbate
equilibrium concentration (mg/L), respectively. One of the unique features of the Dubinin-Radushkevich
(DRK) isotherm model lies on the fact that it is temperature-dependent, which when adsorption data at
different temperatures are plotted as a function of logarithm of amount adsorbed vs. the square of
potential energy, all suitable data will lie on the same curve, named as the characteristic curve [31]. The

equation (11) is linearized to equation (12) which is used in the plot of DRK model.

2.9.3. Kinetic studies

The study of adsorption kinetic of pendimethalin onto the carbonized banbara groundnut shell describes
the solute uptake rate and evidently this rate controls the residence time of adsorbate uptake at the solid-
solution interface. Effects of adsorption kinetics on PE were studied by varying the contact time as 5,
10, 15, 20, 30, 40, 50, 60, 80, 100 and 120min. by keeping all other parameters (pH=5, adsorbent dosage
0.2g, initial PE concentration= 60mg/l, T= 298K) at optimized values. The rate constants of the
adsorption process were determined from the pseudo — first -order and pseudo-second-order equations.

For the pseudo-first-order kinetics, the linear Lagergren [32] expression given equation (15) was used:

log (¢e — q¢) = log(qe ) - 75t (15)

Where k; is the first-order rate constant and ge and gt are the amounts of PE adsorbed at equilibrium and
time ¢ (mg/g), respectively. The values of log (ge — gt ) were calculated from the experimental data and
plotted against 7. kywas calculated from the slope of the plot. The linear form of the pseudo-second-order

reaction kinetic model [31] also used for adsorption studies can be given by equation (16)
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qit= Kzlqg + %e ®) (16)
Where the equilibrium adsorption capacity (qe), and the second order constant k, (g/mg h) can be
determined experimentally from the slope and intercept of plot t/qt versus t. The Elovich kinetic model
was described in literature by many authors according to the following linear relation in equ. (17) [33]:
qt=1/p In(ap) + (1/p) Int (17)
The parameters (o) and (f) can be calculated from the slope and intercept of the linear plot of gt versus
In(t). The third kinetic model used is the intra particle diffusion and is described by equation (18) [34]:
ge= C+kin' (18)

The constant ki (mg /g min®°) is the intra particle diffusion rate and C is the boundary layer thickness.

2.8. Thermodynamic parameters

The temperature of the working solution was varied between 30 to 60 °C (30, 40, 50 and 60 °C). 10cm’
of the optimum concentration, 60 mg/L PE, was contacted with 0.2g of CBGNS for 80 min in 100cm’
conical flasks. The mixtures were equilibrated at contact time at aforementioned temperatures. The
mixtures were filtered, and the filtrates were analyzed for PE using UV-visible spectrophotometer, and
the quantities adsorbed were calculated by using Eq. (3) [35]. The thermodynamic parameters such as
changes in free energy (AG), enthalpy (AH) and entropy (AS) give useful view about the feasibility and
the spontaneous nature of the adsorption process and generally can be described thus (19, 20 and 21) : .
AG = —RTInk, (19)
Ink.=-AG/RT = —(AH/RT) + (AS/R) (20)
Where R is the gas constant (8.314 J/molK), T is the absolute temperature (K), and k. is the
thermodynamic equilibrium constant and can be obtained from the relation as in equation (21) [36]:

ke=C4/C. 21

Where C, is mg of PE adsorbed per liter and Ck is the equilibrium PE concentration of solution (mg/L).
Both AHand AG can be obtained from the slope and the intercept of van’t Hoff plot of InK, versus 1/T

3. Results and discussion

3.1. FT-IR spectroscopy and scanning electron spectroscopy

The FTIR spectra of CBGNS before and after adsorption on pendimethalin are given in figure (1a-b).
The broad band at 3391cm’™ is attributed to the stretching vibration of -OH group. The stretching of the
-OH group bond to methyl radicals is attributed to the signal at 2877cm™". Also, peaks at 2344cm™ and
2110cm™ are associated with the stretched vibration of alkynes C=C, while the peak at 1994cm™ is
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ascribed to be C=0O group which is affected by minor overlapping with C-C aromatic ring stretched
vibrations. The broad peak at 1033cm’™ is associated to C-O group which confirms the lignin structure
of CBNS. The peaks at 1562cm™ and 1402cm™ are associated with stretching vibrations of aromatic and
C-H in alkane, while the peak at 747cm™ and 870cm™ are due to stretched vibration of C-O in aromatic,
esters and ethers. Figure 1b shows FTIR spectra of CBGNS after adsorption. There was a shift and
broadening of adsorption peaks after adsorption. The shift of the -OH peak from 3391cm™ to 3152¢m’™
shows the engagement of the -OH group in adsorption. The shift of the carbonyl group peak from
1033cm™ to 1030cm™ shows that carbonyl group participated in the adsorption of PE. The presence of
these functional groups and their enhancement in adsorption abilities of CBGNS agrees with the findings

of [37].
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Figure (1a-b) FTIR Spectrum of CBGNS before and after adsorption on Pendimethalin
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The SEM micrograph of the CBGNS before and after adsorption on PE is shown in (figure 2a-b) Results
showed that the surface structure of CBGNS before and after adsorption on PE obtained are different
from each other. The surface is smoother after adsorption. Probably, due to the deposition of PE by

physical adsorption or progressive change in CBGNS.

(b)
Figure (2a-b) SEM Micrographs of CBGNS before and after adsorption on PE

3.2. Physical Properties of the Produced Carbonized Carbon

Some physical properties of the carbonized carbon produced are given in the Table 1. The value of the
moisture content, pore volume and the bulk density of the produced carbonized carbon revealed that it
had good adsorptive properties. It was noticed from the properties of the carbonized carbon that, though
it might not give up to 100% adsorption, it will be good for adsorption of organic substances to a very

large extent [38].

Table 1. Physical property of the CBGNS

Method Moisture content | Density Pore volume
CBGNS 16.8% 0.199g/cm’ 1.89cm

3.3. Optimized adsorption parameters

The removal of PE from the aqueous solution is strongly affected by the pH of the solution as illustrated
in Fig. 1. The PE removal were somewhat evidently dependent on pH with the better adsorption
occurring under acidic conditions (pH 6). Therefore, the removal of PE at higher pH values greater than
6 was due to the formation of precipitates rather than adsorption [39]. The increase in adsorption with
an increase in pH is due to a decrease in competition between hydrogen ions and PE molecules for the
surface sites and also due to a decrease in positive surface charge. As the pH increases, more negatively
charged surface becomes available and thus facilitates greater PE adsorption [40].

The effect of adsorbent dosage on the adsorption of PE onto CBGNS was studied by varying amounts

of adsorbent dosage from (0.2 to 1.2g) while other parameters were kept constant. Fig.2 revealed that
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the amount of PE adsorbed first increased with an increase in adsorbent dosage due to increased surface
area and more adsorption sites available for binding of PE [5]. Maximum removal was attained at 0.2g.
After 0.2g of adsorbent dosage there was no significant change in the amount of PE removed. The
decrease in adsorption per unit mass with increasing dosage of adsorbent is attributed to possible
overlapping of adsorption sites as adsorbent dosage increases which will equally reduce the effective
adsorption sites. It was observed that as the adsorbent dosage decreased from 0.2 to 1.2g. The quantity

adsorbed (mg/g) decreased from 2.256 to 0.302mg/g.

5 2,5

e = 2
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o 3 % 1,5
£, £

7] T 1
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1 0,5

0 0

0 2 4 6 8 10 0 0,5 1 15
pH Adsorbent dosage(g)

Figure 1. Effect of pH on adsorption of PE onto CBGNS. Figure 2. Effect of dosage on adsorption

3,5 25
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o
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05 0 20 40 60 80
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0 50 Time(min) 100 150
Figure 3. Effect of time on adsorption of PE Figure 4. Effect of initial concentration on
onto CBGNS. adsorption of PE onto CBGNS.

The effect of contact time on adsorption efficiency of PE onto CBGNS was assessed by varying the
contact time from 20 — 120 min with other parameters kept constant as given in Fig. 3. From the plot, it
is evident that the rate increased quickly with time, and then reached equilibrium. The adsorption
capacity and percent removal of PE onto the adsorbent significantly increased during the initial
adsorption stage, and then equilibrium was nearly reached. Hence, in the present work, 60 min was
chosen as the equilibrium time. Generally, the removal rate of adsorbate is rapid initially, but it gradually
decreases with time until it reaches equilibrium. This can be explained due to the fact that a large number
of vacant surface sites are available for adsorption at the initial stage, and after a lapse of time, the
remaining vacant surface sites are not easy to be occupied due to repulsive forces between the solute

molecules on the solid and bulk phases [41].
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The effect of initial PE concentration was investigated by varying the concentration from 10 to 60mg/L.
Fig. 4 shows plots for the variation of the equilibrium amount of PE adsorbed. It is evident from the
plots that the amounts of PE adsorbed by CBGNS increases with increasing concentration. At low
concentration, the available driving force for transfer of PE molecules onto the adsorbent particle is low.
While at high concentration, there is a corresponding increase in the driving force, thereby, enhancing
the interaction between the PE molecules in the aqueous phase and the active sites of the adsorbent. As

a result of this, there was an increase in PE uptake.

3.4. Adsorption Isotherm

Adsorption isotherm studies were carried out using four isotherm models: The Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich isotherm models. The linear plot of specific adsorption (1/qe)
against the equilibrium concentration (1/Ce) for Langmuir model, (logge) against the (logCe) for
Freundlich model, (InCe) against the equilibrium adsorption (qe) for Temkin model and (Inqe) against
e * for Dubinin-Radushkevich model (Figure not shown)

The adsorption of PE using CBGNS were well described by Freundlich followed by Langmuir isotherm
model. This revealed that the adsorption process was governed by monolayer, and at same time
heterogeneous adsorption.

From the data calculated in table 2. The Ry, value for PE adsorption is greater than O but less than 1
indicating that the Langmuir isotherm is favourable. The values of ‘n’ from Freundlich model (Table 2)
ranged 1 — 10 which suggests that the adsorption process for PE adsorption onto CBGNS is favourable.
The values of ‘n’ are greater than 1 indicating molecular interaction between CBGNS and the PE

molecule. These results are in agreement with that of Li et al. [42].

Table 2. Langmuir, Freundlich, Temkin and Dubinin—Radushkevich Isotherm constants for the
adsorption of PE molecule onto CBGNS

Herbicide | Langmuir Freundlich

PE Qo(mg/g) | Ki(L/mg) | Ry R* 1/n N K¢ R*
23.81 0.045 0.212 | 0.990 | 0.657 1.523 0.617 0.994
Temkin Dubinin-Raduskevich
Ar(L/mg) | B br R’ qs(mg/g) | Kaa(mol’/KJ?) | E(KJI/MoL) | R?
0.243 28.89 85.73 | 0.867 | 31.31 6x10°° 0.289 0.621

From the Temkin plot not shown, the following values were estimated: At = 0.243 L/g, B=28.89J/mol
for PE molecule which is an indication of the heat of adsorption indicating a physical adsorption process

and the R” value of 0.867. From the linear plot of DRK model, qs was determined to 31.31mg/g, the
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mean free energy, E= 0.287KJ/mol indicating a physisorption process and the R*= 0.621. Comparing
the values of the correlation coefficient, R, for the four tested isotherms, it can be observed that the
adsorption data of PE onto CBGNS fitted well with the Freundlich isotherm, followed by Langmuir
isotherm followed by Temkin and the least is Dubinin—Radushkevich isotherm.

3.5. Adsorption Kinetics

The mechanism and the rate determining step of an adsorption reaction can be determined by modeling
into kinetic models. The pseudo-first order, pseudo-second order and Elovich models were used to
determine the rate constants for adsorption of CBGNS onto PE molecule. An intra -particle diffusion
model was also applied to get some hints about the mechanism of reaction. As can be seen in table 3 the
pseudo- first-order equation did not fit well to the whole range of contact times. The experimental qe
values do not agree with the calculated qt from the linear plots. This shows that the adsorption of PE
onto CBGNS did not follow first-order kinetic indicating that the adsorption was not diffusion-controlled
and adsorption was not preceded by diffusion through a boundary [43]. The pseudo-second-order kinetic
model fits the experimental data quite well; the correlation coefficients values, R?, all up to unity, and
the experimental and theoretical uptakes are in good agreement. This indicates the applicability of the
second-order kinetic model to describe the adsorption process of PE onto CBGNS. Elovich model gives
useful information on the extent of both surface activity and activation energy for chemisorption process.
The Elovich plots does not fit kinetic data. The plot of qt against t” is not linear (figure not shown),
indicating that the adsorption process of PE and onto CBGNS involves more than one step. In the first
step, the mass transfer of the adsorbate to the external surface of the adsorbent takes place. The intra
particle transport of adsorbate in the adsorbent pores occurs in the second step. The values of R* for the
three initial concentrations found when the intra particle diffusion model is applied are lower than those
for the pseudo-second-order model (Table 4), which is further evidence supporting a better correlation

between pseudo-second-order model and the experimental data.

Table 3. Kinetic models for the adsorption of CBGNS onto PE molecule

Kinetic Model Parameters
Pseudo-first order Qebxp(ME/L) Jecal(mg/g) K;(min™) R’
14.64 0.955 0.016 0.900
Pseudo-second order | qerxp(Mmg/g) Qeca(mg/g) Ko(min™) R’
14.64 14.71 0.079 0.999
Elovich B A R’
3.067 6.9x 10" 0.914
Intra-particle diffusion K3 C R’
0.113 13.43 0.880
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Table 4. Comparison of Pendimethalin Langmuir adsorption capacity onto carbonized Bambara
groundnut shell with different order adsorbents

Adsorbate Adsorbent Adsorption capacity Lit. References
qe(mg/g)

Atrazine Desert date seed shell 0.780 [44]

Paraquat dichloride Bambara groundnut shell 83.33 [2]

Copper ions Fish scales derived biochar | 39.39 [45]

Atrazine Bambara groundnut shell 3.52 [6]

Cadmium Water melon rind 53.48 [46]

Zinc (I1) magnetite 52.63 [37]

Carbenazim Spent coffee grounds 11.92 [47]

Pendimethalin Bambara groundnut shell 23.81 This study

3.6. Thermodynamic studies

The studies of temperature influence on herbicide adsorption available in the literature reveal that the
relation between temperature and adsorption depends on the adsorbent/adsorbate pair [48]. In order to
study the nature of adsorption, the thermodynamic parameters for the adsorption process, such as the
Gibbs free energy (AG), the enthalpy (AH) and the entropy (AS) were calculated using Equations (14)
and (15). The values of AH and AS were calculated from the slope and intercept of plot between InKc
versus 1/T are shown in Table 5. The positive value of AH indicated the endothermic nature of the
adsorption interaction. The positive value of AS imply an increase in randomness of the solid — adsorbate
interphase in the solution. The negative value of AG indicated the feasibility of the process and the
spontaneous nature of the adsorption with a high preference of pendimethalin on the surface of the
studied adsorbent. AG values were found to decrease as the temperature increased, indicating higher
driving force and hence resulting in more adsorption capacity. Similar result was reported elsewhere by

other authors [49].

Table 5: Thermodynamic parameters for the adsorption of PE onto CBNS
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Conclusion

The carbonized carbon prepared from Bambara groundnut shells was successfully used for the removal
of pendimethalin herbicide from aqueous solutions and can therefore be considered as a promising
adsorbent for waste water treatment. Adsorption of pendimethalin herbicide was highly pH dependent
and the results showed that the optimum pH for the removal of PE was found to be 6, where PE exist
mostly as the most easily adsorbed form. PE concentration increases as the initial concentration was
increase and the contact time for total PE removal was obtained at 60 mins. Adsorption equilibrium data
were fitted to Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm models and the
equilibrium data for CBGNS were best represented by the Freundlich isotherm. The adsorption kinetics
was found to fit well to pseudo second-order kinetic model. Thermodynamic parameters such as enthalpy

(AH), entropy (AS) and free energy (AG) were evaluated.
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