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Abstract

Rubber seed shells carbon (RSSC) was harnessed for the elimination of vat yellow 4 (VY 4)
from its liquid solution and its properties analysed. The process was optimised using the
one-factor-at-a-time technique. The impact of RSSC dosage, pH, interaction time,
temperature and VY4 concentration on VY4 adsorption onto RSSC was inspected. The
error functions and coefficient of regression (R?) were exercised as measures to decide the
kinetic and isotherm models that best represents the results. High percentage of fixed
carbon (82.54 %) and surface area (999 m?/g) were observed on the RSSC. The SEM
analysis revealed the high porosity of the RSSC. The XRF analysis indicated the presence
of minerals (K20 = 8.2 %, Fe;O3 = 29.9 %, SiO2 = 21 %, and CaO = 16.9 %) which will
favour the process of ion adsorption. Optimal conditions of interaction time: 90 min,
temperature: 303 K, pH: 2, and RSSC dose: 1.0 g led to 84.34 % elimination with
monolayer adsorption capacity (qm) of 27.55 mg/g. The investigational results was best
defined by the pseudo-first-order model; the Freundlich isotherm equation (with R? =
0.9999, RMSE = 0.033, y% = 0.0443) gave the best explanation for the results. The process
was favourable since the separation factor (R = 0.011) lies within 0 and 1. The activation
energy (94.7197 > 40 kJ/mol) and the mean sorption energy (0.0844 < 8 kJ/mol) suggest
that the process could be chemically ordered. The process was spontaneous and
endothermic in nature.

1. Introduction

The release of coloured wastewaters are threatening to the ecosystem and has caused a lot of concern.
Dyes have been extensively excreted in the wastewater from different industries, particularly from
textile, paper, rubber, plastic, leather, cosmetic, food, and drug industries which use dyes to colour their
products [1]. Dyes are chemicals, which on binding with a material will give colour to them [2]. There
are more than 10, 000 types of dyes commercially available, with over 7 - 105 tonnes of dyestuff
produced annually, which can be classified according to their structure as anionic and cationic [3, 4].
Generally, the dyes that are used in the textile industry are basic dyes, acid dyes, reactive dyes, direct
dyes, azo dyes, mordant dyes, vat dyes, disperse dyes and sulphur dyes [5].

Vat yellow 4 is a synthetic anthraquinone vat dye [6], which is applied in the dyeing of cotton,
rayon, and wool by textile industries [7, 8]. They exhibit good fastness to light, acid, alkali, and solvents.
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Vat dyes are carcinogenic [9] and toxic in nature. Dyes impede the transmission of light and thereby
disturb the processes of biological metabolism when present in the aquatic environment [10]. Many dyes
may cause allergic dermatitis, skin irritation, dysfunction of kidney, liver, brain, reproductive, and
central nervous system. Besides, some are suspected carcinogens and mutagens [11]. Even a very low
concentration of dye can make water unacceptable for various purposes [12]. Therefore, it is very
important to treat effluents containing these dyes before discharge to the environment.

Many treatment methods have been adopted to remove dyes from wastewater including
coagulation-flocculation [13, 14], electrocoagulation [15-17], adsorption [18-22], and advanced
oxidation processes [23-25]. But the adsorption process is the most widely used method for the removal
of colours and other pollutants [8, 26, 27]. Adsorption is a surface phenomenon that results from binding
forces between atoms, molecules, and ions of adsorbate and the surface of the adsorbent. Adsorption
may be classified as physisorption (due to Van der Waals forces and is reversible) and chemisorption
(due to covalent or ionic bond) [28]. Factors that influence the rate of adsorption include the surface area
of the adsorbent, the particle size of adsorbent, contact time, the solubility of solute (adsorbate) in liquid
(wastewater), the affinity of the solute for the adsorbent, degree of ionization of the adsorbate molecule
and pH of the adsorbate solution [29].

Different adsorbents have been used successfully for the adsorptive removal of vat dyes such as
Mucuna pruriens seed shells [6], saw dust [10], MgO nanoparticles [30], waste ash [31] and rice husk
[32]. Activated carbon, the most important commercial adsorbent, is a carbonaceous material with a
large surface area and high porosity [33]. The large surface area results in a high capacity for adsorbing
chemicals from gases and liquids [34]. The use of activated carbon has been highlighted as an effective
technique for dye removal due to its unique molecular structure, high porosity, and an extensive surface
area which makes them effective adsorbents for several toxic materials in wastewater treatment [35].
Adsorbents obtained from agricultural wastes are superior to other adsorbents because they are less
expensive and readily available and can be used without or with a minimum of processing which in turn
reduces the cost of production and energy associated with thermal treatment [36]. Agricultural wastes
are lignocellulosic materials that consist of three main structural components which are lignin, cellulose,
and hemicelluloses. Lignocellulosic materials constitute the more commonly used precursor and account
for around 45 % of the total raw materials used for the manufacture of activated carbon [29]. Agricultural
wastes are renewable, available in large amounts, and less expensive as compared to other materials used
as adsorbents. The production of activated carbon from agricultural by-products has potential economic
and environmental impacts. It converts unwanted, low — value agricultural waste to useful, high-value
adsorbents.

Hevea brasiliensis (rubber) belongs to the family Spurge or Euphorbiaceae. The Hevea tree
produces significant quantities of milk-like sap called latex, which is an emulsion of hydrocarbons in
water. It is a material of industrial significance [37]. Rubber seed oil is extracted from the rubber seed.
The rubber seed shell (RSS) is used as biofuel or manure or is discarded and allowed to rot [37]. Studies
on the use of rubber seed shells or coat (RSS) has been reported for the sorption of different pollutants
such as phenol [38], iron (111) ions [39], methylene blue [37], malachite green [40], congo red [41] and
Rhodamin B [42]. To the best of our knowledge, the study of VY4 removal by rubber seed shells which
has been used successfully as a good adsorbent has not been reported in the literature.

This study aimed to investigate the use of activated rubber seed shell carbon (RSSC) for the
removal of VY4 dye from its aqueous solutions by adsorption technique. The effects of various
parameters such as interaction time, initial pH, RSSC dose, temperature, and VY4 concentration were
examined in the batch experiments and their optimal conditions determined. Also, the best adsorption
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isotherm and kinetic models that best correlate the adsorption data were established using the nonlinear
modelling technique. The activation energy and the parameters of thermodynamics of the VY4
adsorption on RSSC were also studied.

2. Experimental Material and Methods

2.1 Materials

Vat yellow, VY4 (other names: Golden Yellow GK, Dibenzochrysenedione, Dibenzpyrenequinone,
Tyrian Yellow I-GOK, Dibenzo[b,def]chrysene-7,14-dione, 3,4:8,9-dibenzopyrene-5,10-dione) with
percentage purity: 99.99% was purchased from a Nigerian chemicals market. The characteristics of the
VY4 dye are presented in Table 1. Double-distilled water was used to prepare all solutions. The
chemicals were of analytical grade and were used as-purchased without purification.

Table 1. Properties of VY4 dye.

C.l. name Vat Yellow 4

Color index number 59100

Type of dye Vat dye

Molecular weight, My (g/mol) 332.35

Maximum wavelength, Amax (nmM) 419
Molecular formula C24H1202
Chemical structure 3D structure
o

2.2 Preparation of the adsorbent

Rubber seed shells (RSS) were collected from the Rubber Research Institute of Nigeria, lyanomon,
Benin city, Edo State, Nigeria, and washed thoroughly with deionized water to remove dirt and dried at
105°C for 24 h. It was ground, sieved to the desired particle size of 1-2 mm, and stored in a container.
Before carbonization, the raw material can be impregnated with certain chemicals. It is believed that the
carbonization/ activation step proceeds simultaneously with the chemical activation [29]. 100 g of the
dried sample was soaked in 60 % phosphoric acid (HsPOas) in the weight ratio of 1:1 at room temperature
for 24 h and carbonized under nitrogen (N2) gas flow in a muffle furnace at 300°C for 3 h. The carbonized
sample was cooled and washed with deionized water until a pH of 7 was reached. Finally, the sample
was ground and sieved to different particle sizes and stored in airtight containers before use.

2.3. Characterisation of the adsorbent

The scanning electron microscopy (SEM) (Carl Zeis Analytical SEM Series.MA 10.EVO-10-09-49) was
used to determine the surface structure of the RSSC. The functional groups present in the activated
carbon (RSSC) responsible for the adsorption of VY4 were determined using the Fourier transform
infrared (FTIR) (Shimadzu S8400 spectrophotometer), with the sample prepared by the conventional
KBr disc method. The physicochemical properties of the RSSC were determined according to the
method described by Nwabanne and Igbokwe [43]. Its chemical composition was also determined using
the X-ray fluorescence (XRF), Philips PW 2400 XRF spectrometer.
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2.4 Batch adsorption studies

A stock solution of VY4 was prepared by dissolving an appropriate mass of VY4 in double-distilled
water where other concentrations were obtained by dilution. The influence of process variables including
pH, mass of RSSC, solution temperature, initial VY4 concentration, and interaction time on the
adsorption of VY4 on RSSC was investigated. 0.1 g VY4 was dissolved in 1000 mL of distilled water
to get a dye solution of 100 mg/L. Batch adsorption experiments were executed by adding 100 mL stock
solution of dye in 250 mL Erlenmeyer flask which was treated with a known mass of RSSC. The pH of
the solution was adjusted using 0.1 M NaOH or HCI. The pH of the solution was determined using the
potable pH meter. The content was shaken at 120 rpm using a stirrer at a specific temperature for the
desired time of interaction. After the desired time of treatment, the solution was centrifuged and filtered.
The concentration of the residue was determined using a UV-visible spectrophotometer (Model UV 752)
at maximum absorbance, Amax 0f 419 nm [6]. A calibration plot was made for VY4 to obtain a relation
between its absorbance with its concentration. The percentage of VY4 removed, R(%) and the amount
of VY4 adsorbed on RSSC, ge (mg/g) was determined as follows [44, 45]:

R(%) = =L X 100 1)
0
q, _ Co=Cov )

M
where qe is the equilibrium adsorption capacity (mg/g), Co is the initial concentration of VY4 in the
solution (mg/L), Ce is the final or equilibrium concentration of VY4 in the solution (mg/L), V is the
volume of the VY4 solution (L) treated, and W is the mass of RSSC used (g).

3. Results and discussion

3.1 Calibration curve for Vat Yellow 4

Figure 1 shows the vat yellow 4 (VY4) calibration curve in which the concentration of VY4 (in mg/L)
can be evaluated if the absorbance of a solution containing VY4 is measured using the UV-visible
spectrophotometer at Amax Of 419 nm.
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Figure 1: Calibration curve for VY4 dye at 419 nm.
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3.2 Characterisation results of the adsorbent

The RSSC was found to have a high percentage fixed carbon of 82.54 %, surface area of 999 m?/g,
iodine number of 878 mg/g, moisture content of 3.0 %, volatile matter content of 12.32 %, and bulk
density of 0.55 g/cm?. Larger surface area entails a greater adsorption capacity [46]. The RSSC sample
was found to have a low ash content of 5.14 %. High ash content may interfere with the pore structure
of the sorbent material and will result in low adsorption [47]. Bulk density is an important parameter of
powdered solids. Bulk density specifies the fibre content of a material [48]. The American Water Work
Association, AWWA has established a lower limit on bulk density at 0.55 gm/ml for activated carbon
[47]. The bulk density value of 0.55 g/cm? implies that the RSSC can be a potential adsorbent. The pH
of 6.8 obtained for RSSC is near neutral which will be useful for the management of wastewater and the
purification of drinking water [48]. The XRF analysis of the RSSC indicates the existence of high
percentage of minerals including potassium oxide (K20, 8.2 %), iron oxide (Fe203, 29.9 %), silicon
oxide (SiO2, 21%), and calcium oxide (CaO, 16.9 %). The presence of these minerals will favor the
process of ion adsorption [49]. The SEM image of RSSC (4000x) is shown in Fig. 2. High porosity was
observed on the RSSC (Fig. 2). The FTIR spectra on RSSC is shown in Fig. 3.
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Figure 3: FTIR spectra of RSSC.
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The presence of C — Cl stretching of alkyl halides (600.85 cm™), C — N stretching of aliphatic amines
(1051.24 cm™), N — O asymmetric stretching of nitro compounds (1538.28 cm™), C=0 stretching of
amides, ketones, aldehydes, carboxylic acid, esters (1699.34 cm™), - C == C — stretching of alkynes
(2263.54 and 2429.42 cm™*) and O — H stretching of alcohols and phenols (3656.19, 3748.78 and 3866.44
cm™) were observed on the RSSC. This O-H bond participated actively in the adsorption of VY4
because of the existence of the hydrogen bonding [50, 51].

3.3 The influence of pH

All the samples were treated for an hour at pHs of 2, 4, 6, 8, and 10 at room temperature (303 K). The
ionization degree of species is influenced by the pH, which in turn, affects the sorption process. The pH
of the solution determines the sorbent’s surface charge and the state of adsorbate in suspension [53]. The
removal of the VY4 was highly dependent on pH (as seen in Fig. 4). The carbon will have a net positive
charge at low values of pH. Higher uptakes achieved at lower pH may be owing to the electrostatic
attractions among the functional/chemical groups (which is negatively charged) found on the reactive
dye and the RSSC surface (which is positively charged). Hydrogen ion as well functions as a bridging
ligand in between the dye molecule and the wall of the biosorbent [54].
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Figure 4: The influence of pH on the removal of VY4 using RSSC (conditions: dosage of RSSC = 1.0 g, concentration of
VY4= 100 mg/L, interaction time = 60 min, temperature = 303 K).

3.4 The influence of RSSC dose

Figure 5 explains the influence of RSSC dosage on VY4 removal. The %removal improved as the RSSC
dose was increased. The number of active adsorption sites available for VY4 elimination was improved
with rising dosage [47, 55]. VY4 removal nearly became constant as RSSC dose was increased from 1.0
to 2.0 g; this may be due to overlapping of the RSSC particles and the RSSC sites remaining unsaturated
throughout the VY4 removal process [56]. Mahmoud et al. [57] obtained a similar result.

3.5 The influence of temperature

Figure 6 shows that the %removal slightly improved with rising temperature (303 — 323 K), which gave
optimum removal of 82.71 %. Therefore, higher temperatures facilitated the VY4 removal to an extent
[20] and started declining (82.71 -78.31 %) as the temperature was raised further from the temperature
of 323 to 343 K. This is because at very high temperature the biosorbent loses its property due to
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denaturation [58]. But the temperature of 303 K (room temperature) was chosen as the optimum
temperature instead of 323 K since the removal efficiency increased by approximately 2 %, so there’s
no need of wasting more energy for just improving the efficiency by 2 %.
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Figure 5: Influence of RSSC dosage on VY4 removal using RSSC (conditions: VY4 concentration = 100 mg/L, pH = 2,
interaction time = 60 min, temperature = 303 K).
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Figure 6: Influence of temperature on VY4 removal using RSSC (conditions: pH =2, dosage of RSSC = 1.0 g,
concentration of VY4 = 100 mg/L, interaction time = 60 min).

3.6. The influence of VY4 concentration

The impact of VY4 concentration was examined in the range of 100-500 mg/L (Fig. 7). The %removal
of the adsorbates declined as VY4 concentration increased during VY4 reduction via RSSC. VY4
elimination is highly reliant on VY4 concentration [59]. A similar observation was made by Alzaydien

[60]. An increase in VY4 concentration caused RSSC to be highly saturated resulting in lower dye
removal.
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Figure 7: The influence of VY4 concentration on VY4 removal using RSSC (conditions: pH =2, RSSC dosage = 1.0 g,
interaction time = 60 min).

3.7 The influence of interaction time

The impact of interaction time on VY4 removal onto RSSC was examined at 10, 20, 30, 45, 60, 90, 120,
and 150 min. From Fig. 8, the %removal improved with rising interaction time. An increase in interaction
time will increase dye mobility during the sorption process [2]. The rate of VY4 removal was higher
initially owing to the large surface area of the RSSC available and after some time, little improvement
in the dye uptake was observed since there are few active adsorption sites on the RSSC surface [61].
Equilibrium was achieved at 90 min. Similar observations were made by Meroufel et al. [62] and Idris
et al. [40].
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Figure 8: Effect of interaction time on the removal of VY4 using RSSC (conditions: pH =2, RSSC dosage = 1.0
g, concentration = 100 mg/L).
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3.8. Adsorption isotherms

Generally, isotherms offer significant facts in optimizing the use of adsorbents [63]. The adsorption
experiments were performed at 303 K at different VY4 concentrations of 100, 200, 300, 400, and 500
mg/L using 1.0 g of RSSC at a contact time of 90 min and stirring speed of 120 rpm. The Langmuir,
Freundlich, and Temkin isotherm models were used to fit the isotherm data using the Microsoft Excel
software. The Dubinin-Radushkevich (D-R) isotherm was also employed because it is more general than
the above-mentioned isotherms; the apparent adsorption energy can be ascertained [64]. Based on this
energy of sorption (E) one can predict whether an adsorption process is chemisorptions or
physisorptions. The adsorption is physisorption or chemisorptions in nature if the energy of activation
is < 8 kJ/mol or between 8 and 16 kJ/mol [52, 65, 66]. Also, the linear and nonlinear forms of isotherm
models used to describe the isotherm data are presented in Table 2 [46, 53, 55, 62, 67-71]. The nonlinear
plots of the isotherm models are shown in Fig. 9. The value of the correlation coefficient (R?) was used
to test the model that best describes the model. Also, in order to further validate the nonlinear isotherm
models with the experimental results, the error functions: root mean squared error (RMSE) and Chi-
square (x?2) were used. The use of only the R? for the validation of nonlinear isotherm data analysis is
not sufficient enough, because the experimental results may have high R? value.

Table 2: Isotherm models employed to fit VY4 adsorption by RSSC.

Isotherm model  Nonlinear equation Linear equation Description of parameters
Langmuir 0 = qmKLCe C 1 Ce gm = maximum monolayer adsorption
¢ 1+ KC e qmK.  qm capacity (mg/g), and K. = Langmuir

constant which is related to the heat of

adsorption (L/mg).

Freundlich L Log q.

de = KFCE

1
= ;Log(,‘e + Log Kr

Kr = Freundlich isotherm constant (L/g), n
= the magnitude of favorability of
adsorption, and ge = amount of adsorbate
adsorbed at equilibrium (mg/qg).

Temkin de e BrLn A q, = amount of adsorbate adsorbed on
=Eln(AT)(Ce) t+ BrlnC, adsorbent at equilibrium (mg/g), A =
Br Temkin constant and Br = constant
associated with the heat of adsorption

which is defined as B=RT/b
Dubinin- _ qe , Lng,=Ln qD—Bgz q,= theoretical saturation capacity (mg/g),
Radushkevich = gqpexp(—=Be*) B = constant related to mean free energy of
(D-R) adsorption per mole of the adsorbate

£=RTLN(1+1/C)

E=1/(2B)"

(moI2/J2), ¢ = Polanyi potential which is
associated with equilibrium, R is the
universal gas constant (8.314 J/Jmol/K), T =
temperature in Kelvin and E = mean
sorption energy (kJ/mol)
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Figure 9: Nonlinear isotherm fits for VY4 adsorption onto RSSC at 303 K (conditions: pH = 2, RSSC dosage = 1.0 g,
concentration = 100 mg/L, temperature = 303 K).

Therefore, it is necessary to diagnose the result of regression for residue analysis. A lower value of
RMSE and yx? shows a better fit. The RMSE and y? were evaluated using equations (3) and (4),
respectively [64, 72]:

1
RMSE = \/EZil(qe,exp - Qe,cal)z (3)
(q decal)”
eexp Ye,cal
XZ - Z?I:l :ecal (4)

Where e, cal is the value that is computed from the model fit, geexp is calculated from test elements and
p is the number of parameters in the model.
The dimensionless separation factor, R is given by Eq. (5) [45, 73]:

1
e K,.C, ©)
The Re value indicates whether the isotherm is either favorable (0<R.<1), unfavorable (R.>1), linear
(Rc=1) or irreversible (R.=0) [74].
The VY4 adsorption data conformed to more to the Freundlich model with regards to its correlation
coefficient, R? (Table 3). Also, the low values of RMSE and y? indicate that the Freundlich model gave
a better fit to the isotherm results. The Freundlich model assumes a heterogeneous surface [75] and
multilayer adsorption [76]. Also, its fit into the Freundlich model signifies a chemisorption process [76].
Monolayer sorption capacity, gm of 27.546 mg/g was obtained from the nonlinear fit of the Langmuir
model. R value of 0.011 was estimated for the VY4 removal onto RSSC, implying that the process is
favorable for Langmuir prevailed process. The parameter, n provides the intensity of adsorption; if the
n values are in the range of 0.1 < 1/n < 0.5, it indicates that good adsorption is promising, 0.5 <1/n<1
indicates moderate adsorption and 1/n > 1 indicates weak adsorption [36]. The 1/n-value, 0.6813 (Table
3) indicates moderate adsorption [78]. Also, the mean energy of sorption, E value was estimated as
0.0844 kJ/mol through the D-R, suggesting that VY4 removal on RSSC is a chemisorption process since
the value was found to be less than 8 kJ/mol [52].
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Table 3: Nonlinear isotherm parameters for VY4 adsorption onto RSSC at 303 K (conditions: pH = 2, RSSC dosage =1 g,
concentration = 100 mg/L).

Langmuir Freundlich Temkin Dubinin-Radushkevich
gm = 27.546 mg/g 1/n=0.6813 Br =2.1043 J/mg go = 22.50827112 mg/g
KL =0.9112 L/mg Kr=1.0144 L/g A =0.0691 B = 7.02X10° mol#/kJ?

R?=0.9718 R?=0.9999 R?=0.9855 R?=0.8436

RMSE = 2.6385 RMSE = 0.033 RMSE = 0.8350 RMSE = 2.7055
= 0.4320y? =0.0443y? =0.3755y2 = 4.9430y2

3.9 Kinetics of adsorption

These kinetic models are useful for the design and optimization of effluent management processes.
The experiments were carried out by taking 100 mL samples of dyes (concentration: 100 mg/L) in
separate flasks and treated with 1.0 g of adsorbent dose at different interaction times of 10, 20, 30, 45,
60, 90, 120 and 150 min at 120 rpm agitation speed. The sorption capacity at time t, g: (mg/g) was
obtained as Eq. (6):

q, _ Co-Cpv (6)
w

t =

Where Co and C; (mg/L) were the liquid-phase concentrations of solute at t = 0 and at a given time t. V
is the adsorbate solution volume and W is the mass of RSSC used (g).

The kinetic data obtained experimentally were fitted into the nonlinear Lagergren pseudo-first-order
(PFO) and Ho/Mckay pseudo-second-order (PSO) models presented in Table 4 [6, 50, 55, 76, 79]. The
R? was used as the basis to determine which model best described the kinetic data. The applicability of
the kinetic model to describe the adsorption process, apart from the regression coefficient (R?) was
further validated using the error functions, Marquardt’s percent standard deviation (MPSD), hybrid error
function (HYBRID), sum of the errors squared (ERRSQ), average relative error (ARE), and normalized
standard deviation (4¢q(%)) stated below as equations [64, 76]:

_ 1 vn 9eexp—Aecalcy2

MPSD = 100 Jn_p (T teeley ™
HYBRID = 220 yn | (ecm=docas)” -

B n-p =1 Geexp i
ERRSQ = 2?:1(12 Je,exp — qe,calc) (9)
ARE = ﬂz?’zl Geexp—de,cal (10)

n qeexp i

z( Ven|

Aq(%) = 100 deexp Z“’_'C:l e,exp (11)

Where Qeexp and Qecaic (Mg/g) are the experimental and calculated amounts of colour adsorbed,
respectively; n is the number of measurements made and p is the number of the test elements.

The smaller MPSD, HYBRID, ARE, ERRSQ, and Aq(%) values indicate a more accurate
estimation of ge value. HYBRID and MPSD error functions were used in addition to R? because the
number of parameters in the regression model (that is, p parameter) is effective in them [76].

The nonlinear PFO and PSO kinetic plots are in Fig. 10. The calculated PFO and PSO parameters
are shown in Table 5. The adsorption phenomenon was best described by the PFO than the PSO model
at all temperatures considering the values of R? and the error functions (Table 5).
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Table 4: Kinetic models employed to fit VY4 adsorption by RSSC.

Kinetic model Nonlinear equation Linear equation Description of parameters
Pseudo-first- g, Log(q. — q¢) K1 = pseudo- first-order rate constant (min-
order =q.[1 —exp (—K;t)] _ Log Ky ; 1); ge= amount of adsorbate adsorbed at

= . ————

2.303 equilibrium (mg/g); q: = amount of
adsorbate adsorbed at time t (mg/g)

Pseudo- K,qt t 1 1 K2 = pseudo-second order rate constant

second-order 9t = m 9% K, q. (9/mg min); g. = amount of adsorbate
adsorbed at equilibrium (mg/g); g: = amount
of adsorbate adsorbed at time t (mg/g)

)
|
I
|
+
!

Table 5. Kinetic parameters obtained for the adsorption of VY4 on RSSC (conditions: pH = 2, RSSC dosage = 1.0 g,
concentration = 100 mg/L).

Kinetic Temperature (K)
Model 303 313 323
Pseudo-first-order
ki (min?) 0.1069 0.1069 0.1072
ge (Mg/g) 7.9951 7.9987 7.9993
R? 0.9990 0.9989 0.9998
ERRSQ 0.0009 0.0256 0.0829
HYBRID 0.0003 0.0047 0.5623
MPSD 1.5097 1.5197 14.434
ARE 0.1453 0.1463 1.3889
Aq (%) 1.1206 2.8242 8.7039
Pseudo-second-order

k2(g/mg/min) 0.9974 0.9974 0.9971
ge (Mg/g) 7.9222 7.9322 7.9522
R? 0.9956 0.9994 0.9905
ERRSQ 0.0304 0.0378 0.1119
HYBRID 0.6559 0.6552 0.7089
MPSD 0.9617 0.3242 1.4068
ARE 0.0925 0.0312 0.1354
Aq(%) 0.4224 1.3045 2.7173

Fitting of an intra-particle diffusion plot is the most common method used for the identification of the
mechanism involved in an adsorption process. Weber and Morris proposed that intra-particle diffusion
is expressed as [45, 67]:

qc = ki t°° + ¢ (12)

where ¢ is a constant that provides an idea about the thickness of the boundary layer, kyi is the
intraparticle diffusion rate constant (mg/g min®®) and q; is the amount adsorbed (mg/g) at time t (min).
koi and ¢ were obtained from the slope and intercept of the straight-line plot of q: versus t°° (Fig. 11),
respectively.

The intraparticle diffusion parameters and the R? values obtained for the VY4 adsorption onto RSSC at
different temperatures are presented in Table 6. The R? values indicate that the intraparticle diffusion
model was able to explain the data indicating that the process was been controlled by intraparticle
diffusion. The kpi and ¢ values were improved with rising solution temperature. Also, the plot of g: versus
t5 did not surpass the origin inferring that the intraparticle diffusion is not solely the rate-limiting step
[81]. This deviance from the origin is owing to the change in the rate of mass transfer in the initial and
final sorption stages [39].
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Figure 10. Nonlinear fits at (c) 303, (d) 313, and (e) 323 K for VY4 adsorption onto RSSC.
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Figure 11: Intraparticle diffusion plots of VY4 adsorption onto RSSC.
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Table 6: Intraparticle diffusion parameters obtained for the adsorption of VY4 on RSSC (conditions: pH = 2, RSSC dosage
= 1.0 g, concentration = 100 mg/L).

Intra particle and film Temperature (K)
diffusion parameters 303 313 323
kei (Mg g* min™0°) 0.151 0.125 0.130
c 6.901 7.133 7.171
R? 0.984 0.946 0.944
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3.10 Activation energy and Thermodynamic studies
The energy of activation of the VY4 removal onto RSSC can be estimated using the Arrhenius equation
[82, 83]:
Ink, = LnA- =2 (13)
Where k> is the pseudo-second-order kinetic constant (g/mg h), Ea is the activation energy of adsorption
(kd/mol), R is 8.314 J/mol K and A is the Arrhenius factor. Ea can be calculated from the linear plot of
Ln k2 versus 1/T (not shown).
The magnitude of the energy of activation can be applied as a basis to differentiate between chemical
and physical adsorption processes. For physical adsorption reactions, the energy of activation required
is ranging from 5-40 kJ/Jmol while chemical adsorption requires larger activation energies (40-800
kJ/mol) [50]. The value of activation energy, Ea calculated for VY4 adsorption on RSSC for VY4 is
94.7197 kJ/mol. The activation energy of adsorption of VY4 on RSSC is greater than 40 kJ/mol which
implies that the rate-limiting step might be a chemically controlled process.

The thermodynamic free energy change parameter, AG° (standard), AH® (standard enthalpy), and
ASP (standard entropy) were determined at temperatures of 303, 313, and 323 K. The values of AH® and
ASP can be obtained from Eq. (14) [19, 84]:

Ink, = % - 40 (14)
where R (8.314 J/mol K) is the universal gas constant, T (K) is the solution temperature and K. (L/mg)
is the Langmuir isotherm constant.

The Gibbs free energy change, AG° can be calculated using Eq. (15) [22, 76]:

AG® = AH® — TAS® (15)

The values of AG? calculated were found to be negative for the adsorption of VY4 dye on RSSC at all
studied temperatures (Table 7). AGis used to measure the spontaneity of an adsorption process [85].
The values of AG? were found to decline with increasing temperature (Table 7) which means that the
adsorption of VY4 on RSSC is favourable and spontaneous [86]. The values of AH® and AS° (Table 7)
were calculated from the Vant Hoff plots (Fig. 12) plots of Ln K. versus 1/T. The positive value of AH®
suggests that the process is endothermic in nature [87]. The negative value of 4G° indicates that the
adsorption process is spontaneous and favourable. The negative value of AS® indicates that the measure
of freedom at the solid-solution level drops during the adsorption process [88].

Table 7: Thermodynamic parameters obtained for VY4 adsorption on RSSC.

T (K) UT (K'Y k. (g/mg Ln ke AGO AHO A4S0
min) (kd/mol)  (kJ/mol)  (J/K/mol)
303 3.30x 103 0.0079 -4.8409 -7.665
313 3.19x10°3 0.0085 -4.7677 -7.918 4.524 -25.283
323 3.10x10°% 0.0088 -4.7330 -8.171

3.11 Comparison of VY4 dye removal with other pollutants using rubber seed shells

Table 8 shows the comparison of VY4 removal with other dyes using rubber seed shells (RSS). The
monolayer adsorption capacity (gm), maximum removal efficiency, and optimum pH obtained using RSS
on different pollutants are presented in Table 8. It can be confirmed that the RSS can be utilized as a
viable adsorbent for the removal of different types of pollutants. The biosorbent was also found to be
good for VY4 dye specifically when compared with other adsorbents in terms of its maximum removal
efficiency and monolayer adsorption capacity.
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Figure 12: Vant Hoff plot of VY4 adsorption on RSSC.
Table 8: Comparison of VY4 removal with other pollutants using rubber seed shells
Dye Adsorbent pH gm (Mg/g) Maximum Reference
(%) removal
Methylene blue  Rubber seed shells - 82.64 - [37]
Malachite green Rubber seed coat 6 72.73 - [40]
Congo red Rubber seed shells  Between 5 9.82 90 [41]
and 6
Rhodamine B Rubber seed shells 3 3.185 99.52 [42]
Crystal violet Rubber seed shells Not 23.81 - [89]
adjusted
Vat yellow 4 Rubber seed shells 2 27.55 84.34 Present study
Vat yellow 4 H3PO, treated 2 34.48 98.71 [6]
velvet beans
Vat yellow 4 NaCl-treated velvet 2 52.63 96.63 [6]
beans
Vat yellow 4 Terminalia superba Not 12.658 68 [10]
sawdust adjusted
Conclusion

The adsorptive removal of VY4 on activated Rubber seed shells carbon (RSSC) has been studied. The
optimal conditions of the adsorption process were investigated. Also, the Kinetics, isotherm, and
thermodynamics of the adsorption process were studied. High percentage fixed carbon percentage of
82.54% and surface area of 999 m?/g were observed on the RSSC. The SEM analysis revealed the high
porosity of the RSSC. The XRF analysis indicated the presence of minerals (K20 = 8.2 %, Fe203 =29.9
%, SiO2 = 21 %, and CaO = 16.9 %) which will favour the process of ion adsorption. The process was
improved with increasing RSSC dosage, interaction time, and temperature. Higher removal was obtained
at the lowest pH studied. Optimal conditions of interaction time: 90 min, temperature: 303 K, initial pH:
2, and RSSC dose: 1.0 g led to 84.34% elimination with maximum adsorption capacity (qm) of 27.55
mg/g. The dimensionless separation factor (RL = 0.011) has shown that the RSSC can be used for the
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removal of VY4 from its aqueous solution. The values of the coefficient of determination (R?) and error
functions indicate that the process was best described by the pseudo-first-order kinetic and Freundlich
isotherm models than the other models. Also, the process was found to be favourable, spontaneous, and
endothermic in nature. The prepared Rubber seed shell carbon can be utilized for the removal of VY4
from aqueous environments.
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