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KEYWORDS Abstract This research aimed to optimize and model the adsorption process of oil layer removal
Esterification; using activated plantain peels fiber (PPF), a biomass-based material. The adsorbent was activated
Thermodynamics; by thermal and esterification methods using human and environmentally friendly organic acid.
Response surface methodol- Effects of process parameters were examined by one factor at a time (OFAT) batch adsorption
ogy; studies, revealing optimal conditions for oil removal. Also, RSM, ANN and ANFIS were used
Avrtificial neural network; to adequately predict the oil removal with correlation coefficient > 0.98. RSM modelling revealed
Langmuir’ isotherm the best conditions as 90 °C, 0.2 mg/l, 1.5 g, 6 and 75 mins, for temperature, oil-water ratio, adsor-

bent dosage, pH and contact time respectively. Under these simulated conditions, the predicted oil
removal was 96.88 %, which was experimentally validated as 97.44 %. Thermodynamic studies
revealed the activation energy, change in enthalpy and change in entropy for irreversible pseudo-
first order and pseudo-second order model as (15.82, 24.17, —0.614 KJ/mols) and (33.21,40.31,

* .
Corresponding author.
E-mail addresses: aasadu(@yahoo.com, a.christian(@ gregoryuniversityuturu.edu.ng (C.O. Asadu).

Peer review under responsibility of King Saud University.

ELSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2022.104443
1878-5352 © 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2022.104443&domain=pdf
mailto:aasadu@yahoo.com
mailto:a.christian@gregoryuniversityuturu.edu.ng
https://doi.org/10.1016/j.arabjc.2022.104443
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2022.104443
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 B. Nnamdi Ekwueme et al.
Nomenclature
EDX  Energy dispersive X-ray spectrometer ANFIS Adaptive network-based fuzzy inference system
XRD  X-ray diffraction SEM Scanning Electron Microscope
RSM  Response Surface Methodology FTIR  Fourier Transform Infrared Spectroscope
CCD  Central Composite Design ANOVA Analysis of Variance

PPF Plantain peel fiber
AAN  Artificial Neural Network

—0.106 KJ/mols) respectively, indicating non-spontaneous process; while modeling studies revealed
that the adsorption process was highly matched to Langmuir’s isotherm, with maximum adsorption
capacity of 50.34 mg/g. At the end of the overall statistical modelling, ANFIS performed marginally
better than the ANN and RSM. It can be concluded from these results that our biomass-based
material is an efficient, economically viable and sustainable adsorbent for oil removal, and has
potentials for commercialization since the process of adsorption highly matched with standard
models, and its capacity or percentage oil removal also compares favorably to that of commercially

available adsorbents.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Food shortage in OPEC countries, e.g., Nigeria, is imminent if the level
of oil devastation of the environment, especially water bodies, is not
handled as soon as possible, as oil spillages inhibits agricultural activ-
ities (Banerjee et al., 2012). Nigerian Bureau of Statistics in her 2020
report stated that the volume of oil spill in Nigeria is unquantifiable
due to lack of accurate data (Reza et al., 2013). Green environment
has, over the years, eluded the oil-producing Niger Delta region of
Nigeria, and this was caused by the effect of oil pollution (Banerjee
et al., 2012; Reza et al., 2013; Annunciado et al., 2005). Oxygen deple-
tion in water bodies due to oil spills have made it difficult to sustain
oceanic fauna in this part of the world (Annunciado et al., 2005;
Behnood et al., 2013). Causes of this spillage have been traced to oil
exploration, tanker accidents, underground pipe breakdown, etcetera
(Banerjee et al., 2012; Kharoune et al., 2001; Gwendoline, 2010).

Different approaches to tackling this pollution crisis have been
investigated, such as chemical remediation (Muhammed et al.,
2019a; Muhammed et al., 2019b), bioremediation (Kharoune et al.,
2001; Kumar, 2006; Ladhe et al., 2011; Nwabanne et al., 2018;
Thompson et al., 2020), as well as other innovations on wastewater
treatment such as coagulation (Suidan et al., 2005; Ayotamuno
et al., 2006; Yang et al., 2006). All these methods do not seem to be
financially feasible (Banerjee et al., 2012; Baars, 2002) which has
prompted further research on adsorption techniques, which have been
generally adjudged to be a viable alternative because the process is
easier to approach than others. Also, it gives room for the application
of ordinary bio-waste thereby reducing the operating cost since the
adsorbents are locally synthesized (Reza et al., 2013; Abd et al.,
2022; El Bestawy et al., 2020; Abd El-Monaem et al., 2022; Omer
et al., 2021).

Conventional adsorbents (e.g sol gel, zeolite, etc) are very costly
and are not always available. This has necessitated calls for an imme-
diate search for viable alternatives. The use of agro-industrial wastes
for clean technology (e.g., adsorption of contaminants) is actually
gaining attention due to its simplicity, low cost, effectiveness,
biodegradability and reusability (Ogbodo et al., 2021; Asadu et al.,
2021). Among these biowastes, plantain and banana-derived wastes
have been reported to be highly efficient for the uptake of various kind
of pollutants even in their natural form (Onwu et al., 2019; Asadu

et al., 2018). More so, plantain and banana are fruits that are grown
all over the world, generating huge volume of fibers that are rich in cel-
lulose, lignin, and hemicellulose-materials with potentials as adsor-
bents (Annunciado et al., 2005).

Researchers have recently synthesized adsorbents using agro-
industrial wastes such as groundnut shell (Banerjee et al., 2012), wood
(Albert et al., 2016), kola nut shell (Chinonye et al., 2018), banana
peels (Ogbodo et al., 2021; Ekpete et al., 2017), plantain pseudo stem
fiber (Asadu et al., 2022), etcetera, but there are variations in the meth-
ods of biomass activation, with some methods using mineral acids and
alkalis (Chinonye et al., 2018) posing additional risks to the environ-
ment. This is one of the shortcomings this present work intends to
address by using stearic acid, a human and environmentally friendly
organic acid, for activation of the biomass.

Moreover, there has been a limited number of published works on
use of plantain peel fiber as adsorbent for crude oil removal. Plantain-
derived fibers have been investigated by other researchers as potential
raw materials for the production of many materials, e.g., fiber board
(Alvarez-Lopez et al., 2014), but its potential as adsorbents have not
been extensively studied. It is therefore very important to close the
aforementioned gap by synthesizing alternative adsorbent from plan-
tain peels fiber.

To this effect, this current study intends to (i) explore the possibil-
ity of synthesizing adsorbent suitable for the remediation of oil pol-
luted water wusing plantain peel fiber (ii) investigate the
thermodynamic characteristics of the process using non-parametric
isotherm models; as well as (iii) optimize the efficiency-determining
parameters using RSM, ANN and ANFIS.

Chemical thermodynamics studies, among others, the role of
entropy, enthalpy and free energy in the process of chemical reactions
or diffusion of molecules (Chinonye et al., 2018; Egbuna et al., 2019),
while optimization is a way of genuinely generating the best output
under certain conditions according to Asadu et al. (Asadu et al.,
2019). The use of artificial intelligence models has been reported to
greatly enhance many industrial processes unlike the one factor at a
time (OFAT). Some of the models such as Adaptive network-based
fuzzy inference system (ANFIS), artificial neural network (ANN)
and response surface methodology (RSM) have reportedly been used
in modeling of many industrial processes with significant success
(Onwu et al., 2019; Egbuna et al., 2019; Nnaemeka et al., 2021;
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Ezenwa et al., 2019; Ugwele et al., 2020). While there have been some
reports on oil removal as already highlighted, no reported work has
considered the comparative use of these artificial intelligence models
to simulate and optimize the removal of oil from polluted water via
an adsorption unto modified plantain peel wastes.

2. Materials and method

2.1. Sample collection pretreatments and preparation

Plantain peels used in this work were sampled from Genesis Res-
taurant within Enugu metropolis, Enugu State, Nigeria.
Unripped plantain peels was sliced into smaller pieces, cleaned
using deionized water, then dried under intense sun for seven
days and oven dried at 110 °C for 5 h. It was thereafter reduced
to fine powder with grinder and sieved to particle size of 75 pm,
and was designated as raw PPF. Stearic acid, sulphuric acid
(H»>SO,), Hydrochloric acid (HCI) and caustic soda (NaOH)
used in this work were purchased from major market in Enugu
Nigeria. The reagents have a purity of 99.9 % and were applied
without any treatment or purification. The crude oil used in this
work was sourced from Agip oil field Bayelsa State Nigeria.

2.2. Carbonization of PPF and activation with stearic acid

The approaches of Nick et al. (Ogbodo et al., 2021) and Chris-
tian et al. (Asadu et al., 2021) were adopted with little modifi-
cation. The oven dried sample of raw PPF was subjected to
thermal treatment in a muffle furnace (model HCK 15/4 No:
2040509, Taiwan) at 700 °C for 4 h. PPF after heat treatment
was allowed to cool down to room temperature and allowed
standing for further 45 mins. Then 15 g of the carbonized sam-
ples were added to a Dean Stark apparatus and treated with
0.8 g of stearic acid in 200 ml of 100 % n-hexane which also
contain 1 % H,SO, as catalyst. Refluxing of the mixture at
68 £+ 1 °C was done for 2.5 h, followed by washing with dis-
tilled water followed by n-hexane to remove excess acid. The
samples were later dried in oven again at 100 °C for 7 h and
stored in a tight polyethylene container. Changes in the weight

of the sample were evaluated using equation (1).
Increase in  weight

100
Initial weight x

(1)

Percentage change in weight =

2.3. Physical properties and instrumental characterization

The physical properties of the PPF (raw, carbonized and ester-
ified) were determined according to the standard procedures
described by Association of Official Analytical Chemists
(Didem, 2012; Cadena et al., 2017). The properties include
volatile matter, iodine number, ash content, fixed carbon,
moisture content, etc. (Table 3). Bulk density was determined
via water displacement method. The BET surface area and its
properties were determined using nitrogen gas method. The
adsorption—desorption isotherms were calculated at 77 K with
assumed nitrogen surface area of 0.162 nm? (Ogbodo et al.,
2021). The instrumental analysis was done via Scanning Elec-
tron Microscope (SEM) (JOEL JSM 6400 model) and Fourier
Transform Infrared (FTIR) spectrophotometer (Shimadzu
FTIR-8400S). The surface morphology of both the raw PPF

and esterified PPF were determined using the SEM while the
functional groups present in the samples were identified via
FTIR. Elemental composition was determined with an energy
dispersive X-ray spectroscopy (EDX, Oxford X-max) coupled
to the SEM.

2.4. General experimental procedure for oil layer removal by
PPF (raw, carbonized or esterified)

This experiment was conducted following the method
described by Nick et al. (Ogbodo et al., 2021) and Banergee
et al. (Banerjee et al., 2006). Briefly, 50 ml of 50 mg/1 of crude
oil-water mixture was produced by mixing known amount of
crude oil and water for 10 mins at room temperature, in a
200 ml beaker. With the crude oil floating on surface of water,
0.2 g of the prepared PPF (raw, carbonized or esterified) were
added and the mixture agitated for 3 min at 100 rpm. The pH
of the mix was adjusted to 7 using 0.1 M NaOH or 0.1 M HCl,
and the system incubated at 30 °C for 60 min, before removal
of the adsorbent using 50 um sieving net. The oil-loaded adsor-
bents (PPF) were dried at 65 °C for 35 min and re-weighed.
The experiment was then repeated with oil water concentration
of 100 mg/l, 150 mg/l, 200 mg/l and 250 mg/l. Temperature,
pH, adsorbent dosage, as well as contact time were also varied
to determine their effects. Amount of oil removed was
obtained from weight after adsorption and pre-weight of the
PPF (raw, carbonized or esterified). Equation (2)
(Cheenmatchaya and Kungwakunakorn, 2014) was applied
in determining the capacity of adsorption (qe) while the per-
centage oil removal was determined using equation (3).

(Co —Ce)

Adsorption capacity(qe) = M

v )

. Co - C
Percentage of oil removed = M

x 100 (3)

Where;

C, = Initial oil concentration (mg/1).

C. = Concentration oil in oil-water mixture at equilibrium
(mg/D).

V = Volume of the oil-water mixture (ml).

M = Mass of the adsorbent (raw, carbonized or esterified
PPF).

2.5. Isotherm modeling of the oil layer removal using esterified
PPF

To predict the model that best explains the process of crude oil
adsorption onto esterified PPF in experiment 2.5, some of the
selected models as listed in Table 1 were examined.

2.6. Thermodynamics and activation energy studies of the
process using PPF

Thermodynamics investigation was done to estimate the
enthalpy (AH), entropy (AS), and Gibb’s free energy of activa-
tion (AG) for the sorption of oil onto the pores. These thermo-
dynamic properties are vital ingredients for interpreting the
behavior of adsorption process (Nwabanne et al., 2018;
Asadu et al., 2021). To calculate these parameters, activation
complex theory established by Eyring was used in evaluating
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Table 1 Selected isotherm models investigated.

Model Equation Equation number Reference

- o c _ T
Langmuir == ﬁ”, + o and R, = m 4 (Paulauskiene., 2019)
Dubinin Radushkevich Ing, = In qn-ﬁzg = RTIn (1 +1/C,) 5) (Nestor et al., 2004)
Freundlich logg, = i/nlogc, +logKy (6) (Asadu et al., 2021)
Temkin g, = ®n A +&LInC, 7 (Olufemi et al., 2014)
Elovich Inf = InK.q,, — ;14 ®) (Thompson et al., 2020)

the thermodynamic parameters from temperature-dependent
rate constants. Parameters calculated from the Eyring-
Polanyi equation (9) are analogous to the Arrhenius equation:

kT AG
k= Tfﬂ’(* FT) ©)

Natural logarithm of equation (9) taken and substituting
the value of AG = AH — TAS gives equation (10):

-k

K is the rate constant at temperature T, AH and AS are the
changes in enthalpy and entropy of activation for the reaction
system, respectively. kg and h are the Boltzmann (1.38 X 1073
J K™Y and Planck (6.63 X 10 Js) constants while R stands
for the universal gas constant. Equation (9) is analogous to
Van’t Hoff equation explaining the mathematical connection
existing between enthalpy and entropy of activation with the
rate constant. The plot of In(k/T)vsi gave the slope as
—AH/R and intercept as [In(kp/h) + AS/R], respectively. Fur-
thermore, the energy of activation is the energy level of the
molecules needed to initiate a reaction or diffusion of mole-
cules onto the microporous surface of the PPF. In a second
order model, rate constants increase with temperature and is
described by the Arrhenius law as shown in equation (11).

K= Aexp <;£f) (11)

1

Where: K = stands for adsorption rate constant (L g~
min~1).

A =
"min~").

E, = stands energy of activation (J mol™").

R = stands for gas constant (8.314 J mol~! K™1).

T = stands for absolute suspension temperature (K).

When equation (11) is linearized, equation (12) is obtained.
From the plot of Ln (K) verses I/T, the values of the Activa-
tion energy (E,) and the temperature independent factor (A)
were obtained from the slope and the intercept of the plot,
respectively.

In(K) =In(A) + (—;;) % (12)

stands for temperature independent factor (L g~

2.7. Central composite design (CCD) and optimization

Central composite design of response surface methodology
(CCD-RSM) was used in the experimental design. It consists
of five coded levels of lower axial, low, medium, high, and

upper axial points, denoted by -a, —1, 0, + 1, and + o, respec-
tively. An alpha value of 1.633 was used to account for the
design orthogonality. An empirical second-order polynomial
expressed in equation (13) was appropriate in describing the
effect of the input parameters and their interactions on the per-
centage of crude oil removed.

Y(%) = B+ D BXi+ D BXI+ D BN
+ ... +e (13)

Where Y is the percentage of crude oil removed, B, is the
second-order model constant, B;, represent the coefficient of
the first-order term, B;, is the coefficient of the second-order
term, B is the coefficient of the interaction between any two
variables; e is the random error (Ogbodo et al., 2021). Fisher’s
test (F-test) and Correlation coefficient (R?) were used to eval-
uate the significance and the ranking of the models. Confi-
dence level of 95 % was used in the analysis. The
independent parameters examined were temperature X;(°C),
oil concentration X,(mg/l), adsorbent dosage Xs(g), pH X4,
and time Xs (mins). These parameters were the independent
factors whereas the percentage of oil adsorbed or removed
(%R) was the dependent parameter or response. The ranges
of time, temperature, dosage, oil concentration in water and
pH of the adsorption reaction mixture were 15 to 75 mins,
20 to 100 °C, 0.3 to 1.5 g, 0.2 to 1.0 mg/l and 2 to 10, respec-
tively were selected. The coded and uncoded levels of these
independent variables are shown in Table 2.

2.8. ANN modelling

Artificial neural network (ANN) was used to model the oil
removal process. It is usually viewed as a synchronous process
which processes information by the neural system with high
accuracy (Chijioke Elijah Onu, 2022a; Onu et al., 2022). The
neural toolbox of MATLAB version 8.5.0 was utilized in the
ANN modeling with Levenberg-Marquardt back propagation
as the training algorithm. It functions via a gradient descent
optimization technique (Xuedan et al., 2017). The ANN net-
work consists of input layer, hidden layer and output layer.
The input layer consists of five neurons depicting the five input
variables while the output layer consists of one neuron repre-
senting the output variable. The transfer functions used in
the input, hidden and output layers were linear, tansigmoid
and purelin transfer functions respectively.

To reduce scaling effect, the data points were normalized
between 0 and 1 according to equation (13).

Xi — X
x] _ ( i min ) (14)
Xmax — Xmin
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Table 2 Uncoded and coded levels of independent variables.
Variable Symbol Axial (-or) Low Center High Axial (+ o)
Level -2 -1 0 1 2
Temperature (°C) X 0.0 20 60 100 140
Oil Concentration (g/100 cm?) X5 0.0 0.2 0.6 1.0 1.4
Adsorbent dosage (g) X3 0.0 0.3 0.9 1.5 2.1
pH X4 0.0 2 6 10 14
Time (mins) Xs 0.0 15 45 75 105

Table 3 BET surface area and physical properties of raw
PPF, carbonized PPF and esterified PPF.

Property Raw Carbonized  Esterified
PPF PPF PPF
Multipoint BET surface 10.88  234.51 503.26
area (m>/s)
Average pore width (nm) 3.22 4.77 7.208
Micropore volume (cm?/g) 0.008 0.018 0.194
Adsorption energy 3.142 3.163 3.885
(KJ/mol)
Pore radius (A) 812  10.18 17.14
Bulk density (g/ml) 0.081 0.101 0.541
pH 8.1 7.54 6.6
Ash content (%) 10.12 8.77 4.08
Iodine Number (mg/g) 326.11  283.1 261.33
Moisture content (%) 11.75 3.84 3.33
Porosity () 0.131 0.148 0.891
Volatile matter (%) 47.3 29.66 26.82
Fixed Carbon (%) 31.22 57.73 65.58

Where X;, Xnax, and X, are the original data, maximum
data, and minimum data for each input and output respec-
tively. X' is the normalized value of X; (Rekhate and
Shrivastava, 2020).

The number of neurons in the hidden layer directly affects
the performance of the neural network. Hence the number of
neurons in the hidden layer was used in determining the best
network performance by comparing the experimental data
with the model’s responses. Iteration method was used to
obtain the optimum number of neurons in the hidden layer.
The data division was done such that 80 % of the data was
used in training, 10 % was used for testing while the remaining
10 % was used for validation of the network.

2.9. ANFIS modeling

Fuzzy Logic toolbox of MATLAB version 8.5.0 was used in
the ANFIS modeling as a hybrid of fuzzy and neural networks.
The ANFIS architecture is made up of five layers which repre-
sent fuzzification, multiplication, normalization, defuzzifica-
tion, and summation functions sequentially (Onu et al.,
2022). Sugeno fuzzy inference system (FIS) was used to con-
vert the process variables into membership values via the mem-
bership functions (MF). Each process variables were assigned
to five MF from the input layer. The input layer denoted the
five process variables (adsorbent dosage, temperature, contact
time, oil concentration and pH) while the output layer denoted
the output response (percentage of oil removal). The data set

was divided into 80 %, 10 % and 10 % for training, testing,
and validation/checking respectively.

2.10. Assessment of the model’s performance

Statistical indices were used to assess and rank the perfor-
mance of the models. The statistical indices used were correla-
tion coefficient (R?), mean relative percent deviation (MRPD),
hybrid fractional error (HYBRID), root mean square error
(RMSE) and normalized standard deviation (Aq) as shown
in equations 15-19. The performance ranking was based on
higher values of R? and low values of HYBRID, RMSE, Aq,
and MRPD.

N 2
R — Doini (Ypred(i) - Yexn,aw’) (15)

Z:]'il (Yp”,d(l-) — Yexp‘avg)z + Zfil (Ypred(i) - Yexp(i))z

Normalizedstandarddeviation(Aq) %

Y 2
= 100x Z<1fy’—d) (16)

exp

100 Y?red(i) - Yex (1)‘
MRPD = — L (17)
N Z Yexpi
1 Ym«[*ch i ?
HYBRID(%) = 3 (Yt = Yoo | 1 (18)
N-P exp(i)

I (Yorai) — Yewt))
RMSE \/ Nzizl ( Yorr ) (19)

Where Yep i) is the experimental oil percentage removal,
Ypred i) Was the model predicted oil percentage removal,
Y exp,ave Was the experimentally determined average oil percent-
age removal, N was the number of experimental runs while P
was the number of parameters.

3. Results and discussion
3.1. Characterization of adsorbent

3.1.1. Instrumental analysis of adsorbent

The appearance of different functional groups on the surface
of raw PPF and esterified PPF as depicted by FTIR (Fig. la
and 1b) is an indication of reaction between the stearic acid
and some functional groups on the PPF, leading to the disap-
pearance of old and appearance of new peaks on the spectrum.
For the raw PPF, the organic substance with bond OH was
observed at 3186.9 cm ™', at the same time C—H was observed
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Fig. 1  FTIR spectrum of (a) raw plantain peels and (b) Esterified plantain peels.

at 2374.3 cm™! (Ogbodo et al., 2021). Bands indicating the
presence of alkyne were observed between 1908.4 and
2109.7 cm™'. The absorption bands observed at 1684.8 cm™ !,
1028.7 cm™! and 670.9 cm ™! represents the functional groups
C=0, C=C and C—O respectively [42 (Sud et al., 2008). After
the modification of the raw plantain peels fiber to esterified
PPF, there was a shift in absorption bands as follow; OH,
bands were observed between 3273.6 and 3693 cm™'; 2202.9,
2855.3, 2922.3 and 3008 m~' bands represent the alkynes,
C—O0 bands was observed between 1640 and 1744.4 cm™!
while C—O bands was observed between 853 and 1021.3 cm™ -

The SEM images depicting the surface morphologies of raw
PPF and esterified PPF are shown in Fig. 2 (A and B). Com-
pared to the raw PPF, the esterified PPF displayed a higher
number of pores, and hence more potentials as an adsorbent.

X-ray diffraction is widely used to reveal the characteristics
of the crystalline structure of substances (Asadu et al., 2021).
Shown in Fig. 3a is the XRD spectra of raw PPF and esterified
PPF. The diffraction pattern of the raw PPF showed the pres-
ence of compounds associated to carbon C, iron Fe, aluminon
Al and silicon Si. This is evident by diffraction peaks at 20 val-
ues of 27.4°, 41.8°, 53.1°, 57.4°, 65.2° and 71.8°, corresponding
to the hexagonal pattern of SiO, and CaCO; as dominant
compounds at structural plane 201, 220, 221, 401, 421 and
423, respectively. For the esterified PPF, the appearance of
new characteristic diffractions at 20 values of 31.5°, 36.4°,
44.3°, 52.2°, 59.3°, 66.4° and 77.8° were observed, correspond-
ing to the structural planes of 312, 402, 420, 510, 441 and 445,
respectively. The changes in the structural planes could be
attributed to the disappearance of some compounds after heat

Fig. 2

(a) SEM image of raw PPF at 1000X (b) SEM image of esterified PPF at 1000X.
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treatment and impregnation of the carbonized PPF with
organic acid giving rise to the hybrid adsorbent. Similar
diffraction peaks in other composites have also been reported
by Haldorai et al. (Haldorai et al., 2015) and Nsom et al.
(Nsom et al., 2019). Nevertheless, the XRD composition of
the adsorbents was also supported by the EDX results, as
shown in Fig. 3b and 3c. EDX percentage weight compositions
of C (57.15), Fe (11.87), Si (11.65), K (10.17) and Al (9.16)
were obtained for raw PPF, while C (93.20), Si (2.07), Ca
(3.09), and Mg (1.64) were recorded for esterified PPF.

3.1.2. Physical properties of adsorbent

The physical properties of the adsorbents were given in Table 3.
The pore properties and surface area of the adsorbents were
determined using BET isotherm analysis. The BET surface
area (Sppr) of the raw PPF was 10.88 m?/s while the BET sur-
face area (Sget) of esterified PPF was 503.26 m?/g respectively.
The increase in BET surface area as observed was an indica-
tion of more active sites within the esterified PPF which will
guarantee more uptake of the polluting oil (Nwabanne et al.,
2018; Chinonye et al., 2018; Ezenwa et al., 2019). The pore vol-
ume increased from 0.008 to 0.194 m>/g as well as pore diam-
eter from 3.22 to 7.208 nm while the pore radius rose from 8.12
to 17.14 A. Generally, the improved pore properties will favor
the diffusion of more molecules of oil onto the surface of ester-
ified PPF (Onu et al., 2021). The increase in BET surface area
can as well be attributed to the disappearance of volatile

Intensity (a.u)

40 50 &0 T0
2-Theta (degrees)

B4 »

organics during thermal and acid treatment of the PPF
(Asadu et al., 2022; Ike et al., 2022).

Nevertheless, porosity distribution of 0.891 5 was noticed
within the surface of esterified PPF while the pH reduced from
8.1 (raw PPF) to 6.6 (esterified PPF), indicating increased
dominance of the surface by positively charged groups. The
moisture content decreased from 11.75 % in raw PPF to
3.33 % in esterified PPF as expected due to loss of water dur-
ing activation. Also, there was a simultaneous decrease in vola-
tile matter and increase in fixed carbon contents; this might not
be unconnected to the disappearance of some inorganic con-
tent of the biomass during thermal and acid treatments as pro-
ven by the FTIR analysis. This phenomenon is in agreement
with the report by Omar. (Omar, 2012).

3.2. Effect of process parameters on crude oil adsorption by PPF

Fig. 4a portrays the impact of pH on oil layer removal by
the PPF biomass. It can be stated that optimum oil removal
was observed at pH of 5 with esterified PPF recording the
most noteworthy percentage as high as 95.3. Interestingly,
the rate of oil removal diminished with further increase in
pH. This is because of the effect of pH on the net charge
on the adsorbent, as well as on the oil surface. In the
adsorption reaction mix, a very high pH leads to abstraction
of protons from the charged functional groups on the sur-
face of the adsorbent, reducing the net positive charge and
the affinity of the adsorbing sites for the negatively charged

5300 e

Fig. 3

(a) XRD spectrum of raw PPF and Esterified PPF (a) EDX spectrum of raw PPF (b) EDX spectrum of esterified PPF.
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Fig. 4  Effect of pH (a), temperature (b), oil-water ratio (c), time (d), and dosage (e) on crude oil removal by PPF.

oil molecules. This explains why increasing the pH beyond 5
led to successive decrease in the quantity of oil removed
(Fig. 4a). A very low pH on the other hand (<5 in this
study), through proton donation, reduces the net negative
charge on the oil molecules, also reducing their affinity for

the positively charged adsorbent. Similar preference of mild
pH range for optimal adsorption of pollutants have also
been observed by other researchers (Muhammed et al.,
2016; Naema et al., 2014; Ladhe et al., 2011; Pragnesh
et al., 2011).
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Also, crude oil removal dependency on temperature were
evaluated using the developed PPF as depicted in Fig. 4b. It
could be seen that crude oil removal by the adsorbents
increased with temperature, up until 90 °C. This could be
due to improved collision between oil molecules and adsor-
bents, improved rate of diffusion of oil molecules, or disper-
sion of oil molecules across the boundary layer and inner
pores of the PPF particles. Temperature also changes the inter-
action of oil molecules, as well as the dissolvability of the oil.
Improved rate of pollutants uptake with temperature has also
been observed by other researchers (Behnood et al., 2016;
Rashmi and Bhattacharya, 2003; Verma and Mishra, 2010;
Arivoli et al., 2019).

Moreover, impact of oil-water ratio on oil removal from
water surface by PPF was also examined. From Fig. 4c, it is
obvious that increasing the ratio, at constant adsorbent
dosage, reduces the percentage of oil removed, as the adsorp-
tion sites become easily saturated at higher ratio.

Taking from Fig. 4d and Fig. 4e, it can be deduced that
increase in contact time and adsorbent dosage increases the
amount of oil layers removed which aligns with the general
principle of adsorption as stated by Okpe et al. (Chinonye
et al., 2018).

Under all the conditions studied, esterified PPF had the
best performance, highlighting the efficiency of combined ther-
mal and acid treatments, over thermal treatment alone.
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Fig. 5 (a) Plot of In K verses 1/T (K1) for irreversible pseudo first order model for crude oil sorption by PPF, obtained by using

Arrhenius equation. (b) Plot of In K verses 1/T (K™ ") for irreversible pseudo second order model for crude oil sorption by PPF, obtained
by using Arrhenius equation (c) Plot of Ln (k/T) verses 1/T (K™") for irreversible pseudo first order model for crude oil sorption by PPF
obtained by using Eyring-Polanyi equation (d) Plot of In (k/T) verses 1/T (K™") for irreversible pseudosecond order model for crude oil

sorption onto PPF obtained by using Eyring-Polanyi equation.
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3.3. Thermodynamic modeling of the adsorption process

The values of the activation energy, obtained from the slope of
the plot of InK verses 1/T (K™') [see Eqn (9) and Fig. 5a] for
the first order model is presented in Table 4 The energy of acti-
vation for the diffusion of molecules onto PPF is 15.82 kJ/mol.
This value was lower than those given in literature by Chime
et al. (Thompson et al., 2020), (53.99 kJ/mol) for the first order
for the diffusion of lead ion onto cassava peels adsorbent,
although the energy of activation value of PPF sample was
within the range reported by Naena et al. (Naema et al.,
2014) for lead adsorption using Petiol and Fiber palm tree.
Fig. 6.

In the same way, the activation energy values obtained
from the slope of the plot of InK against 1/T (K™") [Eqn (9)
and Fig. 5b], for the second order model is also shown in
Table 4. The activation energy for PPF sample diffusion is
33.21 kJ/mol. This value was within the range of 38.33 kJ/mol,
reported by Okpe et al. (Chinonye et al., 2018) for the second
order adsorption of orange G onto kola nut shell. It could be
noticed that the Ea value for second order kinetic was higher
than that of the first order model. This could be attributed
to the higher rate constant value of the pseudo-second order
model, when compared to the pseudo-first order model. Beh-

nood et al. (Behnood et al., 2016), also reported similar obser-
vation in their work.

Also, Fig. 5c and 5d, show the Eyring plot (Equation (10))
for the sorption and diffusion of oil molecules for irreversible
pseudo first and second order models. The values of the ther-
modynamic parameters (AH, AS and AG) gotten from the
plots of 1/T vs In(k/T) (Equation (10) and Fig. 5¢) for the
pseudo-first order of the studied models is presented in Table 4.
Likewise, the thermodynamic parameters (AH, AS and AG)
values, for the pseudo-second order model (Equation (10)
and Fig. 5d) are also presented in Table 4.

As could be seen in Table 4, the values of AH for the irre-
versible pseudo first order for adsorption of oil onto esterified
PPF is 24.17 kJ mol~!. This positive value shows that the
energy input from external source is needed to raise the energy
level for easy diffusion of oil molecules to the transition state.
Hence, indicating that the process is endothermic (Asadu et al.,
2021; Asadu et al., 2019). This enthalpy value is similar in
range to the 16.35 kJ mol~' obtained for the sorption of oil
by spent camellia sinnensis biomass by Falazand and fafique
(Fazal and Rafique, 2013). For the entropy change, the value
for the irreversible pseudo first order is —0.614 (Table 4).

The negative value suggests the level of associative mecha-
nism that exist, whereby diffusion.

Table 4 Thermodynamics parameters of crude oil sorption by PPF for first and second order models.

T Irreversible pseudo-first order model Irreversible pseudo-second order model
E, AH AS AG E, AH AS AG
(K) KJ/mol KJ/mol KJ/mol KJ/mol KJ/mol KJ/mol KJ/mol KJ/mol
318 13.46 42.30
323 15.23 45.18
328 15.82 24.17 —0.614 17.44 33.21 40.31 —0.106 43.14
333 19.68 50.21
338 20.55 55.24
Normal Probability Plot
(response is % Yield)
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Fig. 6 Normal probability plot of residuals for the removal of crude oil by PPF.
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species have combined together to form a more ordered
transition state (Asadu et al., 2019; Muhammed et al., 2013).
The value is.

within the range given by Muhammed et al, (Muhammed.
RabiulAwual et al., 2013) (—=0.121 kJ mol~! K~ ') and Nick
et al. (Onwu et al., 2019);

(—0.18 kJ mol~' K™") for the sorption of waste cooking
and soybean oils, respectively.

The change in Gibb’s free energy AG value for the irre-
versible pseudo first order sorption of oil by PPF was found
to be in the range of 13.46 — 20.55 kJ mol ™! (Table 4). The pos-
itive value of AG shows the non-spontaneous nature of the
process (Nwabanne et al., 2018; Asadu et al., 2021). This
obtained value is lower than 88.23 kJ mol™' and 83.30 —
87.69 kJ mol~!, those reported by Ladhe et al. (Ladhe et al.,
2011) and Chime et al., (Thompson et al., 2020), for the sorp-
tion of waste cooking and lead ion, respectively.

Equally, for the irreversible pseudo second order for
adsorption of crude oil onto PPF (Table 4), the AH value
was 40.31 kJ mol™". Just like in the pseudo first order model,
the positive AH shows that there is energy input (heat) from
external source necessary to raise the energy level for transfor-
mation of reactants to their transition state. Hence, indicating
that the process is endothermic (Chinonye et al., 2018). This
obtained value of AH in the irreversible pseudo second order
for adsorption of crude oil onto PPF, was within the range
of 28.33 kJ mol~! obtained by Abert et al. (Albert et al.,
2016) for the soybean waste adsorbent.

The change in entropy AS for the irreversible pseudo sec-
ond order for crude oil adsorption onto PPF is —0.106 kJ mol ™!
K~ (Table 4). As earlier stated, this negative value of AS, indi-
cates an existence of associative mechanism, whereby reactant
combined together to form a more ordered transition state
(Asadu et al., 2018). Like in the first order, the obtained value
is also within the —0.121 kJ mol™' K~! range reported by
Muhammed et al.. (Muhammed et al., 2016) for palm oil
adsorption from water.

Finally, the change in free energy AG value for the irre-
versible pseudo second order for crude oil sorption by PPF
was found to be in the range of 42.30 — 55.24 kJ mol™!
(Table 4). The positive values of AG indicate the non-
spontaneous nature of the reaction (Egbuna et al., 2019).
The value was similar in range to 58.23 kJ mol™' reported
by Onwu et al. (Onwu et al., 2019) for crude oil sorption onto
groundnut shell.

3.4. Equilibrium or thermodynamic modelling of oil sorption
onto PPF

As apparent from the report by (Asadu et al., 2018), adsorp-
tion isotherm is the essential prerequisite for planning any
sorption framework. It can be said to be a connection between
how much a substance eliminated or removed from fluid stage
by unit mass of acid treated biomass as sorbent and its amount
at constant temperature (Albert et al., 2016; Sheela Tand
Arthoba, 2012; Muhammed et al., 2019a). Suitability of the
models (see Table 1) was explored and studied. The isotherm
boundaries and correlation coefficient (R?) assessed from the
plots of the straight fittings are introduced (see Table 5). R?
was utilized to anticipate the model with the best fit. The deter-
mined dimensionless quantity for the model (see equation 4)

11
Table 5 Isotherm parameters evaluated for oil removal by
esterified PPF.
Model Temperature (K)

303 323 343 363

Langmuirq
(mg/g) 51.345 53.129 45.682  10.3349
Ky (L/mg) 1.2490 1.3342 1.4034  1.5201
Ry 0.2014 0.0235 0.1902  0.03096
R? 0.9910 0.9981 0.9930  0.9990
Dubbin
Radushkevich
By 0.002411.324 0.0014828.093 0.03249 0.03345
qm (mg/g) 0.879 0.9123 56.901  44.975
R’E 1.0451 2.0957 0.843 0.9012
(kJ/mol) 3.1045  3.1956
Freundlich
n 2.6145 1.0956 3.9056  1.8042
Kd(L/g) 4.0876 4.9734 6.231 7.357
R? 0.902 0.7120 0.8023  0.4709
Temkinb
(J/mol) 4.908 3.0912 2.8057  3.539
Kt (L/g) 1.0743 2.0843 3.0186  4.0896
R? 0.932 0.9132 0.9067  0.9490
Elovich
qm(mg/g) 62.587 80.311 93.400  30.59
Ke 1.3290 1.3098 1.1083  1.790
R? 0.9160 0.8673 0.9024  0.9610

called separation factor (Ry) at the four designated tempera-
tures were <1 (0.2014, 0.0235, 0.1902 and 0.03096) showing
ideal sorption. This insight can be attributed to the uniform
or homogeneity of circulation or dynamic distribution of
active site on the outer layer of the esterified PPF (Asadu
et al., 2021). Ky as a constant is a proportion of the adsorption
limit while constant n is a proportion of the intensity of the
sorption process (Sheela Tand Arthoba, 2012). For beneficial
adsorption, the value of n lies somewhere in the range of one
to ten (Nwabanne et al., 2018; Muhammed et al., 2013). As
it stands in Table 5, it very well may be seen that the value
of n at four unique temperature falls somewhere in the range
of one to ten (2.645, 1.0956, 3.9056 and 1.8042) uncovering a
beneficial sorption for oil layer onto esterified PPF. Ky for
equation 6 increases with rise in temperature (see Table 5)
showing that adsorption limit of oil onto esterified PPF are
leaned toward high temperature. Equation 5 explains that
assuming the energy required for activation (E) is under 8 kJ/-
mol, the interaction is physisorption, and however assuming
the energy of activation is between 8kj/mol and 16 kJ/mol,
the cycle is chemisorption in nature (Sud et al., 2008;
Muhammed et al., 2013; Kudaybergenov et al., 2015). Addi-
tionally, the average free energy of sorption per mole of the
adsorbate (Bd) portrays that adsorption is being constrained
by particle diffusion mechanism and E > 16 kJ/mol implies
an adsorption is represented by molecule dispersion system
(Onu et al., 2021; Nwabanne et al., 2017). From Table 5, it
is apparent that the energy of activation was below 8kj/mol
at each temperature under study showing that the admission
of oil from water surface by the esterified PPF is physisorption.
Besides, the values for Bd at the selected temperatures studied
were under 16 kJ/mol recommending that the sorption of



12

B. Nnamdi Ekwueme et al.

crude oil onto PPF might not have been controlled by particle
diffusion mechanism. In the meantime, the R? at each temper-
ature studied as displayed (see Table 5) proposed that the sorp-
tion of oil onto esterified PPF might have inclined toward
Langmuir isotherm model since the R? are nearer to unity than
other models at each temperature studied.

3.5. Modeling and variables optimization using RSM, ANN and
ANFIS

3.5.1. RSM modelling

Table 2 shows the experimental variables, ranges and level of
the independent variables examined in this work using Minitab
17. The percentage of crude oil removed are presented in
Table 6. The multiple regression analysis was used for the eval-
uation of the effects of the independent variables (temperature,
dosage, time. amount of oil in mg/1 and pH) on the dependent
variable (% of oil removed) (Asadu et al., 2019).

ANOVA test as shown in Table 7 was used to evaluate the
statistical significance of the models’ equations and the respec-
tive model terms. In Table 7, the regression of the intercept,
linear, quadratic, and interaction terms of the models use for
the adsorption studies were shown. A calculated F value,
greater than the F-table (critical F value) value implies that

the models were well adequately fitted to the experimental data
(Egbuna et al., 2019; Ugwele et al., 2020; Chukwuebuka et al.,
2021). Based on a 95 % confidence level, the model were found
to be adequate as their respective calculated F values (48.81),
were greater than the tabulated Fy 052121 value of 2.06. There-
fore, the terms in the models, (Xi, X2, X3, X4, X5, X3, X3, X3,
Xfw X?, X1X3, X, Xy, X3X,) were all significant. The p-value pro-
vides details as to wether a statistical hypothesis is significant
or not and how significant it is. When the calculated p-value
is less than critical p-value of 0.05, based on 95 % confidence
level, the evidence agaist null hypothesis Hy is stronger
(Chinonye et al., 2018; Asadu et al., 2019; Nnaemeka et al.,
2021; Ezenwa et al., 2019; Onu et al., 2021). Therefore, the
model was found to be significant as the p-value
was = 0.000 and < 0.05. Similarly, the terms in the model
X1, X2, X3, X, X5, X3, X5, X5, X5, X3, X0 Xs, XoXa, X3 Xy) were
all significant (p < 0.05).

Using Minitab 17.0 software, the full regression model
equations’ terms and statistical significance were determined.
Prior to the removal of the insignificant terms, the second-
order polynomial regression models that best described the
processes (% of oil removed) as a function of actual values
of temperature (X;), Oil conc (X;), adsorbent dosage (X3),
pH (X4) and time (Xs)

Table 6 Experimental design matrix and obtained for the removal of crude oil by esterified PPF.

Run X X, X3 X4 X5 % of oil removed
Experimental Predicted

1 1.000 —1.000 —1.000 —1.000 —1.000 59.61 60.44
2 0.000 0.000 0.000 0.000 0.000 90.48 91.48
3 —1.000 1.000 1.000 —1.000 —1.000 83.09 83.08
4 —1.000 —1.000 1.000 —1.000 —1.000 60.81 60.11
5 1.000 1.000 —1.000 —1.000 1.000 78.88 80.23
6 1.000 —1.000 —1.000 1.000 1.000 78.50 78.51
7 —1.000 —1.000 —1.000 —1.000 1.000 90.67 90.80
8 —1.000 1.000 —1.000 1.000 1.000 78.60 80.10
9 1.000 1.000 —1.000 1.000 —1.000 72.37 77.13
10 —1.000 1.000 —1.000 —1.000 —1.000 60.78 61.03
11 1.000 —1.000 1.000 —1.000 1.000 78.77 79.10
12 0.000 0.000 0.000 0.000 0.000 90.55 90.21
13 —1.000 —1.000 1.000 1.000 1.000 78.80 78.51
14 0.000 0.000 0.000 0.000 0.000 90.60 91.21
15 0.000 0.000 0.000 0.000 0.000 90.65 90.88
16 0.000 0.000 0.000 0.000 0.000 90.77 90.22
17 1.000 1.000 1.000 —1.000 —1.000 70.39 73.18
18 1.000 1.000 1.000 1.000 —1.000 70.49 71.14
19 1.000 —1.000 1.000 1.000 1.000 96.84 96.88
20 —1.000 —1.000 —1.000 1.000 —1.000 60.80 66.45
21 —1.000 1.000 1.000 1.000 —1.000 70.42 71.04
22 0.000 0.000 0.000 0.000 0.000 90.55 93.21
23 0.000 0.000 0.000 0.000 0.000 80.01 83.45
24 0.000 0.000 0.000 —2.000 0.000 62.95 64.23
25 0.000 2.000 0.000 0.000 0.000 73.58 73.55
26 0.000 0.000 —2.000 0.000 0.000 62.85 62.85
27 2.000 0.000 0.000 0.000 0.000 77.11 77.18
28 —2.000 0.000 0.000 0.000 0.000 65.64 66.35
29 0.000 0.000 0.000 2.000 0.000 74.94 75.96
30 0.000 0.000 2.000 0.000 0.000 76.29 76.29
31 0.000 0.000 0.000 0.000 —2.000 55.91 55.93
32 0.000 0.000 0.000 0.000 2.000 81.62 80.64
33 0.000 —2.000 0.000 0.000 0.000 55.48 55.56
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Table 7 Analysis of variance (ANOVA) for response surface quadratic models of the studied PPF sample.
Source of Variable SS Df Coeff. (B) SE coeff. MS F-value P-value
Model (C) 2516.78 21 78.020 0.615 119.847 48.81 0.000
Blocks 132.91 1 0.000 0.606 132.912 49.50 0.000
X 180.51 1 2.742 0.334 180.511 67.23 0.000
X, 338.40 1 3.755 0.334 338.401 126.03 0.000
X3 248.84 1 3.220 0.334 248.842 92.68 0.000
X4 197.23 1 2.867 0.334 197.227 73.46 0.000
Xs 923.80 1 6.204 0.334 923.800 344.06 0.000
X3 13.62 1 —1.026 0.298 31.830 11.85 0.005
X% 190.17 1 —2.738 0.298 226.483 84.35 0.000
X% 51.63 1 —1.477 0.298 65.975 24.57 0.000
X3 71.94 1 —1.634 0.298 80.667 30.04 0.000
Xg 85.17 1 —1.679 0.298 85.172 31.72 0.000
X1 X5 8.56 1 —0.731 0.410 8.556 3.19 0.102
X1 X3 16.28 1 —1.009 0.410 16.281 6.06 0.032
XXy 0.86 1 —0.233 0.410 0.865 0.32 0.582
X Xs 0.48 1 0.174 0.410 0.483 0.18 0.680
XX 6.48 1 —0.636 0.410 6.477 2.41 0.149
XXy 13.40 1 —0.915 0.410 13.396 4.99 0.047
X5Xs 5.55 1 0.589 0.410 5.546 2.07 0.178
X3X4 19.89 1 —1.115 0.410 19.892 7.41 0.020
X5Xs 11.06 1 0.831 0.410 11.056 4.12 0.067
X4Xs 0.00 1 —0.010 0.410 0.002 0.00 0.981
€ Constant.

S Sum of squares.

DI Degree of freedom.
Coeff. Coefficients.

SE Coefl. SE Coefficient.
MS Mean square.

X: temperature; X,: oil conc; X3: dosage.; X4: pH; Xs: time.
p < 0.01 highly significant; 0.01 < p < 0.05 significant; p > 0.05 not significant.

Model Tabulated Fygs.10.10 value is 2.06. Hence, F > 2.06 significant; F < 2.06 insignificant.
Model terms Tabulated Fg ¢s1,10 value is 4.23. Hence, F > 4.23 significant; F < 4.23 insignificant.

[%ofoilremoved) . = 89.02 + 2.74X, + 3.76 X,

+3.22X; + 2.87X, + 6.20X
—01.03X; —2.74X; — 1.48X;
- 1.63X; — 1.68X3 — 0.73X, X;
- 1.01X, X5 — 0.23X, X,
+0.17X, X5 — 0.63X,.X;
—0.92X, Xy + 0.59X, X5

— 1.12X;3X, + 0.83X3X5
—0.01X,X5

(20)

Similarly, equation (21) show the model equations for the
crude oil removal, after all insignificant term have been
removed. These insignificant terms are removed based on their
p-values in the ANOVA results in Table 7. These removed
insignificant terms are those terms whose p-values were >0.05

(see Table 7).

(Yoofoilremoved) pp. = 89.02 + 2.74X, 4 3.76X,

+3.22X; + 2.87X, + 6.20X5
—01.03X7 — 2.74X; — 1.48X;
— 1.63X; — 1.68X3 — 1.01.X, X3
—0.92X, X, — 1.12X3 X,

(1)

Table 8 Analysis of variance of regression for response

surface.

Regression R? (%) Adj. R*>(%) F-value P-value
Block 5.22 49.50 0.000
Linear 74.18 140.69 0.000
Quadratic 16.20 30.73 0.000
2-way interaction 3.24 3.07 0.039
Total model 98.88 96.66 48.81 0.000

Table 9 RSM predicted and experimentally validated opti-

mum values for % methyl ester yields.

Sample % of crude oil removed
RSM predicted Experimentally validated
value value

Esterified 96.88 97.44

PPF

The characteristics parameters that may express the quality
(goodness of fit) of the proposed second order polynomial
model (Eqns. 20-21), are the coefficient of determination
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Training: R=0.98546 Validation: R=0.99951

Output ~=0.97*Target + 0.015

Output ~= 0.95*Target + 0.0068

[¢) 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8
Target Target

Test: R=0.99911 All: R=0.98899

Output ~= 0.96*Target + 0.009
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Fig. 7 ANN plots of percentage oil removal using esterified PPF.

Best Validation Performance is 0.00068715 at epoch 8
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Fig. 8 ANN validation performance plot of the oil removal process.

(R?) and adjusted R? (Adj-R?) (Ezenwa et al., 2019; Onu et al., Adj-R? were both found to be very high. The closeness of pre-
2021). From Table 8, the R? value is 98.88. The closer the R? to dicted models R* and Adj-R? values, as well as the lower val-
1 (100 %), the better the fit. Similarly, the R? Adj is 96.66. The ues of Adj-R? compared to the R? values, for all the models,
values of R% show significant closeness to 1, hence, indicate shows an excellent goodness of data fit (Ogbodo et al., 2021;
good fit. The values of the predicted models R? and the Asadu et al., 2022). Fig. 6 shows the normal probability plot
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Fig. 9 ANFIS training plot of the percentage oil removal.
for the crude oil removal by PPF. The values of the response
predicted from the models are in line with the observed values Table 10 Statistical analysis of the models.
over the range of the selected operating Va.riables of tempera- Statistical Indices R? Aq HYBRID RMSE MRPD
ture, oil conc, adsorbent dosage, pH and time.
Table 9 shows the values of the RSM predicted and vali- :§11:IIS 832;2 gg}jg ggj‘é? 885(5); 822;26
dated for the adsorption of crude oil by esterified PPF. The RSM 0.9888 0.1953 00479 00340 13772

optimum conditions for the maximum removal of crude oil
samples with respect to the proposed models’ equations were
90 °C, 0.2 mg/1, 1.5 g, 6 and 75 mins. At these conditions
(Table 9), the predicted value or better still, the theoretical
value for the crude oil removal stood at 96.88 %. Also, from
Table 9, the experimentally validated value for the percentage
crude oil removal was 97.44 %. The validation experiments
were done by performing three independent experimental
replicates and the average values recorded. The closeness of
the validated and predicted oil yields confirmed the compe-
tence and validity of the model.

3.5.2. ANN modeling

The analysis of the neural network indicated an optimum of 10
neurons in the hidden layer. This was achieved by varying the
neurons in the hidden layer with R? and RMSE as the perfor-
mance index. It was inferred that 10 neurons in the hidden
layer will provide the maximum R? and minimum RMSE.
Therefore, the optimum ANN architecture for the oil removal
process has a topology of 5-10-1. This topology gave the best
prediction accuracy with minimum deviations. The multi-layer
perceptron (MLP) model was used because of its ability in
approximating nonlinear processes (Chijioke Elijah Onu,
2022a). The ANN plots of training, testing, and validation in
Fig. 7 showed R? values of 0.9855, 0.9991 and 0.9995 with
RMSE of 2.05 x 102, 5.87 x 107, and 2.03 x 107 respectively.
The high R? values and low RMSE values suggested significant
model performance. The testing data set adequately guided
against model over-fitting while significant training data set
implied that there is a correlated relationship between the
input variables and the output response. This was confirmed
by the R? value of 0.9889 for the overall data.

Furthermore, the neural performance plot (Fig. 8) was used
to graphically assert the nature of the neural performance. The
figure showed that the training, testing and validation curves

stabilized at the 8th epoch iteration with RMSE of
5.87 x 10™. The curves attained consistency at the 6th epoch
iteration. The nature of the curves suggested adequate neural
modeling with no over fitting issues.

3.5.3. ANFIS modeling

The trapezoidal-shaped membership function (trapmyf) was
used to generate the fuzzy inference system (FIS) in the input
membership function. Root mean square errors of 0.0067,
0.0032, and 0.0065 were generated for the training, testing,
and validation/checking, respectively. Forty-five nonlinear
parameters and 243 training pairs and linear parameters were

Table 11 Kinetics parameters of the
crude oil adsorption by esterified PPF.

Pseudo first order

K, (min") 0.00694
qe (mg/g) 405.23

R’ 0.9990
Pseudo second order

K, (g/mg.min) 0.00123
qe (mg/g) 300.1

R? 0.978
Elovich

B (g/mg) 0.01334
o (g/mg) 2.0963
R? 0.9850
Lagregan second order

K; (min~") 0.0092
qc (mg/g) 23.498
R? 0.9061
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Table 12 Relationships in comparison with other works existing in literature.

Adsorbents Adsorption Capacities (qe) Equilibrium Time Crude oil Concentration (g/ References

(mg/g) (mins) 100 cm®)
Acetylated Rice Husk 44.8 60 0.3 (Banerjee et al., 2006)
Thermally Activated Rice  46.7 50 0.3 (Kudaybergenov et al.,
Husk 2015)
Activated Watermelon 28.9 60 0.5 (Banerjee et al., (2012).
Waste A)
Commercial Zeolite 55.30 50 0.2 (Naema et al., 2014)
Esterified PPF 50.34 50 0.2 This present study

used for effective ANFIS modeling. Minimum root mean
square error of 0.001763 was obtained for the overall data
set at 50 epoch iterations with error tolerance of 0.00. Constant
membership function was chosen for the output MF while the
optimization method used was hybrid. This resulted in ANFIS
model with a high R? of 0.9982. Fig. 9 showed that the ANFIS
predicted oil removal efficiency perfectly tracked the experi-
mental oil removal efficiency as virtually all the ANFIS data
points aligned with the experimental data points.

3.5.4. Comparative assessment of the models

The overall performance of the models was assessed using sta-
tistical indicators as shown in Table 10. The high R? values
(>0.98) showed that there is an almost perfect correlation
between the models’ predicted percentage oil removal and
the experimental percentage oil removal. However, the ANFIS
performed marginally better than the ANN. The RSM model
was the least among the three models. The low values of the
error terms (especially HYBRID, RMSE, and Aq) suggested
that there were insignificant deviations between from the
experimental result.

3.6. Kinetics studies

Pseudo first order, pseudo second order, Elovich’s, Lagregan
second order models were used to study the time dependency
of the crude oil adsorption process. The results of the kinetic
analysis, with the correlation coefficients and models’ constant
were presented in Table 11. Elovich model and pseudo first
order model showed good correlation in the kinetic study, how-
ever pseudo first order kinetic model best described the kinetics
of the crude oil adsorption with R? of 0.9990 (Table 11). This
implied that chemisorption was the rate-limiting step with pres-
ence of valence forces between the crude oil molecules and the
adsorbent (Ogbodo et al., 2021; Ugwele et al., 2020). Besides,
Elovich’s model is usually applied to chemisorption systems
with heterogeneous adsorbing surface. The applicability of
the pseudo second order inferred a reduction in boundary layer
thickness of the PPF at high temperature.

3.7. Comparison between the present studies and prior researches
in the similar field

The adsorbent developed from PPF in this work was com-
pared with other adsorbents existing in literature based on per-
formance. The performance was further compared with
commercial zeolite adsorbent in the market (see Table 12).

The performance index used was the adsorption capacities at
a specified period of time. It can be seen that the adsorption
capacity of the present study was mostly comparable to the
zeolite adsorbent reported by Naena et al., 2014. The most
interesting thing about this present study is that we got a rela-
tively high adsorption capacity of 50.34 mg/g at a very short
time of 50 mins. The adsorption capacity is far much higher
than the ones reported for other agro-wastes (see Table 12).
Considering the aforementioned results, we arrived at a con-
clusion that the PPF used is an efficient low-cost adsorbent
for the removal of crude oil from aqueous solution.

4. Conclusion

Plantain peels fiber (PPF) was synthesized via carbonization and ester-
ification processes and used to study the removal of crude oil from sur-
face waste via an adsorption process. The BET surface area analysis
indicated that the surface area of the modified adsorbent was signifi-
cantly increased. Instrumental analysis using FTIR, SEM, XRD and
EDX showed that activation with organic acid modified the chemical
groups on the PPF. Thermodynamic modelling of the process revealed
the activation energy (Ea) for pseudo-first order kinetic modelling and
pseudo- second order kinetic modelling as 15.82 and 33.21 KJ/mol
while the changes in free energy and enthalpy were positive indicting
that the process is non-spontaneous. Isotherm model analysis depicts
that the data on the sorption of crude oil onto esterified PPF fitted well
with Langmuir isotherm model. ANFIS, ANN and RSM were efficient
in modeling the oil removal process but ANFIS performed marginally
better than the ANN and RSM. The optimum conditions as predicted
by the RSM model was thus: Thus; 90 °C, 0.2 mg/l, 1.5 g, 6 and 75
mins. At this point, the predicted oil removal stood at 96.88 % which
was experimentally validated as 97.44 %. The results of this investiga-
tion suggested that production of plantain peels fiber adsorbent in
commercial quantity to reduce the importation of conventional non-
biodegradable and non-environmentally friendly adsorbents is possi-
ble. Activation of other bio-wastes through esterification using stearic
acid is recommended in order to expand the frontier of achieving green
environment through adsorption process.
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