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A B S T R A C T

This study investigated the removal of Total Organic Carbon (TOC) from produced water by batch adsorption
process using adsorbents developed from Multi-Walled Carbon Nanotubes (MWCNTs). The MWCNTs, synthesized
by catalytic chemical vapour deposition method using kaolin-supported tri-metallic (iron-cobalt-nickel) catalyst
were purified by H2SO4/HNO3 and then functionalized with 1-pyrenebutanoic acid N-hydroxyl succinimidyl ester
(PSE). The raw, purified and functionalized MWCNTs were characterized by High Resolution Scanning Electron
Microscopy (HRSEM), High Resolution Transmission Electron Microscopy (HRTEM), Brunauer–Emmett-Teller
(BET) and Fourier Transform Infrared Spectroscopy (FTIR). In the results, HRSEM/HRTEM revealed the structure,
purity and also confirmed the attachment of the PSE molecule onto the nano-adsorbent(s). The BET surface areas
of MWCNTs, PMWCNTs and FMWCNTs were 970.17, 869.25 and 831.80 m2/g, respectively while the FTIR
established the existence of surface functional groups. The functionalized MWCNTs (FMWCNTs) nano-adsorbent
showed superior performance efficiency (93.6%) than the purified MWCNTs (PMWCNTs) (79.2%) as examined
under the same batch adsorption condition: 0.02 g adsorbent dosage, 10–90 min contact time and 30 �C solution
temperature probably, due the improved wettability resulted from incorporation of PSE. Subsequently, Central
Composite Design (CCD) was applied to optimize the process parameters for the sorption of TOC onto FMWCNTs.
The CCD in the response surface methodology predicted 260 mg/g adsorption capacity of FMWCNTs in the
removal of TOC at the optimum condition of 49.70 min contact time, 34.81 �C solution temperature, and 0.02 g
adsorbent dosage. The kinetics data were best described by pseudo-second-order model and thermodynamic
parameters suggested that the process was feasible, spontaneous and exothermic. It can be inferred from the
various analysis conducted that the developed FMWCNTs nano-adsorbent is effective for removal of TOC from oil-
produced water and may be explored for removal of organic contaminants from other industrial wastewater.
1. Introduction

Nigeria is a country endowed with abundant crude oil resources
and the revenue accrued from it has become the main stake of her
economy [1]. However, continuous petroleum exploration activities in
Nigeria especially in the Niger Delta area have resulted in unprece-
dented land and water pollution as a result of both accidental and
indiscriminate discharge of crude oil and its associates [2, 3]. These
discharges may be in form of leakages from pipelines, oil wells, un-
derground storage tanks of a gas station, improper disposal of petro-
leum waste, sabotage, oil bunkering, and accidental spill from
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ruptured pipelines [4, 5]. One prominent derived waste from crude oil
exploration is the produced water, which constitutes the largest vol-
ume of the waste stream in the oil and gas industries [6]. Approxi-
mately, nine barrels (378 gallons) of produced water is estimated by
the American Petroleum Institute as being recovered for each barrel of
oil in stripper oil well operations [7]. Produced water consists of a
complex mixture of dissolved salts, hydrocarbons, heavy metals,
organic and inorganic components, naturally occurring radioactive
materials and added chemicals used in oil extraction and separation,
potentially toxic elements, making it difficult to discard without some
form of treatment [8].
cember 2020
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:adewoye.tl@unilorin.edu.ng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2020.e05866&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2020.e05866
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2020.e05866


T.L. Adewoye et al. Heliyon 7 (2021) e05866
Several organic and inorganic components present in produced
water can be potentially or more hazardous than the crude oil itself
[9]. Organic pollutants can destruct the environment and constitute a
health risk to man and the ecosystem [10]. Total organic carbon
(TOC) is complementary to chemical oxygen demand (COD) and
biochemical oxygen demand (BOD), it is considered a better indicator
of organic content as it measures directly the key elements in water
theoretically irrespective of the structure of the organic compounds
[11]. The treatment of produced water has attracted research attention
due to its environmental concerns and the prospect of beneficial uses
[12]. Hence, an effective and economically viable method of its
treatment is imperative to curtail possible adverse effects on the
people and the ecosystem of the oil-bearing communities and to make
it suitable for beneficial use.

Different technologies have been employed to treat produced water
by different practitioners, but the constituents removed by each tech-
nology and the extent of organic compounds removal has to be consid-
ered to identify the potential and effective treatment technologies for
offshore industrial applications [13]. Different treatment techniques for
produced water treatment include adsorption, membrane separation,
biological treatment and chemical treatment and recovery among others
[14]. Adsorption has been identified as one of the effective methods,
widely used in water and wastewater systems among many chemical and
physical methods due to its flexibility of design and operation, none
generation of toxic substance and ease of recovery of adsorbent after the
application [15, 16]. Adsorption is applied for source reduction, waste-
water treatment and reclamation for beneficial uses [17].

Activated carbon has been recognized as an effective adsorbent due
to the simplicity of design, ability to adsorb numbers of pollutants and
fast adsorption kinetics [18]. The high adsorption capacity of activated
carbon has been attributed to its high surface area, well developed
porous structure and presence of many different types of functional
groups [19]. Nevertheless, the application of activated carbon as an
adsorbent is limited by its high production and regeneration cost [20].
The application of nanostructured carbon materials as adsorbents has
gained global attention on a commercial scale with a special interest
in carbon nanotubes (CNTs) due to their specific properties which can
be utilized for specific functions, besides, their surface properties can
be modified via purification and functionalization to tailor their sur-
face affinity to multiple pollutants [21, 22]. CNTs have been recog-
nized for their excellent removal of pollutants from aqueous solution
and have shown good adsorption properties towards organic pollutants
[23]. The large adsorption capacity of CNTs has been mainly attrib-
utable to their pore structure, surface area and the existence of a wide
spectrum of surface functional groups [24]. CNTs surface area is
approximately as large as that of activated carbon, their advantage lies
in the fact that they have a better arrangement of carbon atom [25].
In addition, the superior adsorption capacity of CNTs compared to
activated carbon is credited to the presence of aggregated pores with
large mesopores volume and the presence of less negative surface
charge [26].

MWCNTs are better candidates due to their special physical and
chemical properties and are considered biocompatible in many envi-
ronmental applications [27]. However, CNTs' efficiency in the environ-
mental application is limited by their surface hydrophobicity. Hence,
CNTs are functionalized with other reactive material having appropriate
functional groups to improve their efficiency [28]. Functionalization of
CNTs using bi-functional molecule such as PSE is pursued to enhance
their solubility. While success has been recorded in the biological
application of PSE functionalized CNTs [29, 30], there is a paucity of
information on their potential application in wastewater treatment. In
addition, reports [31, 32] have it that TOC as a non-specific measure is
used to measure organic micro-pollutants in wastewater because moni-
toring of individual pollutants is complicated and expensive. However,
scanty information is available on the application of PSE functionalized
CNTs for the removal of TOC from produced water. To the best of the
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authors’ knowledge, no study has reported optimum removal efficiency
of TOC from produced water using FMWCNTs nano-adsorbent.

In this present study, nano-adsorbent developed from MWCNTs was
purified and then Functionalized using PSE to enhanced their adsorption
capability for efficient removal of TOC from oil-produced water. The
effects of the process parameters; contact time, adsorbent dosage and
solution temperature were investigated on the adsorption capacity and
CCD of RSMwas used to optimize these adsorption process parameters to
achieve high adsorption capacity.

2. Materials and methods

2.1. Materials

The kaolin (Al2Si2O5(OH)4) used in this study was obtained from
Ejigbo Local Government Area, Lagos State. All the reagents were of
analytical grade. Cobalt nitrate hexahydrate (Co(NO3)2.6H2O, 98.5 %),
nickel nitrate hexahydrate (Ni(NO3)2.6H2O, 99.99), iron nitrate non-
ahydrate (Fe(NO3)3.9H2O, 98%) concentrated sulfuric acid (H2SO4,
98%), concentrated nitric acid (HNO3, 99.99%) and 1-pyrenebutanoic
acid N-hydroxyl succinimidyl ester (C24H19NO4) (95%) were supplied
by Sigma Aldrich. The oil-produced water sample was collected from an
oil exploration company in the Niger Delta Area of Nigeria. The water
sample was collected in a sealed sterile plastic container and then placed
in a refrigerator at 4 �C.
2.2. Preparation of FMWCNTs nano-adsorbent

MWCNTs were synthesized by the catalytic chemical vapor decom-
position method [33]. Tri-metallic Fe–Co–Ni/kaolin catalyst was pre-
pared by dissolving 2.33g, of Co(NO3)2.6H2O, 2.33g of Ni(NO3)2.6H2O
and 3.23g of Fe(NO3)3.9H2O in 40 cm3 of distilled water. This was fol-
lowed by the addition of 8.0 g of kaolin (Al2Si2O5(OH)4) support to the
solution. The mixture was allowed to age for 30 min at 200 revolutions
per minute (rpm) stirring speed. The resulting slurry was then dried in an
oven at 120 �C for 12 h, ground into a fine powder, and sieved through a
150 μm sieve screen. The obtained fine powder was then calcined at 400
�C and duration of 16 h. The prepared catalyst was loaded into a quartz
boat and placed in the center of the quartz tube. The furnace was heated
at 10 �C/min while the carrier gas (Argon) was left to flow over the
catalyst at 30 mL/min to eliminate entrapped air from the system. At the
pre-set temperature of 700 �C, acetylene was introduced at a flow rate of
100 mL/min and the argon flow rate was increased to 200 mL/min and
left to react for 30 min. When the reaction time was attained, the flow of
acetylene was stopped while the flow rate of argon was reduced to 30
mL/min and left to flow until the furnace cooled down to room tem-
perature. The boat was removed from the reactor and weighed to
quantify the amount of MWCNTs that has been produced. The black
powder was collected and stored in an airtight container at ambient
temperature.
2.3. Purification and functionalization of CNTs produced

First, 100 mg of synthesized MWCNTs were added to a mixture of
concentrated (HNO3) and (H2SO4) in ratio 1:3 (v/v) and sonicated at 45
�C for 3 h to remove the residual metal and other impurities adsorbed in
the CNTs [34]. After cooling to room temperature, the mixture was
diluted with distilled water and filtered until a pH of 7 was attained. The
PMWCNTs sample obtained was oven-dried at 100 �C for 10 h [34].
Then, 3 mg of PMWCNT sample obtained was dispersed in a known
volume of 5 mM PSE in methanol and incubated at room temperature for
1 h [30]. The sample was then rinsed 3 to 4 times in methanol to rinse off
excess reagent and then oven-dried at 100 �C for 10 h. The resultant
FMWCNT powder was kept in an airtight sample bottle and stored at
room temperature.
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2.4. Characterization of MWCNTs nano-adsorbent

The developed nano-adsorbents were examined by scanning electron
microscopy (HRSEM), high resolution transmission electron microscopy
(HRTEM), Fourier Infrared Spectroscopy (FTIR) and Brunauer-Emmert-
Teller (BET). The morphology of the samples was determined using
Zeiss Auriga HRSEM. A small quantity of the sample was spread on a
sample holder and sputter coated with Au–Pd using Quorum T15OT for 5
min before analysis. The sputter-coated samples were firmly attached to
the carbon adhesive tape and analyzed using Zeiss Auriga HRSEM
equipped with In-lens standard detector at 30 kV. The microscope was
operated with electron high tension (EHT) of 5 kV for imaging and the
detailed structure and morphology of the samples was determined by
Zeiss Auriga HRTEM operated at 3950 V. Small quantity of the samples
was suspended in 10 ml methanol and ultra-sonicated until it was well
dispersed in the solvent. Few drops of the suspension were spread on a
carbon grid with lacy carbon thin film and allowed to dry before being
transferred to the HRTEM sample chamber for the analysis. A clear pic-
ture of the sample was obtained by varying the magnification using a
magnification lens. The functional groups were identified using the
PerkinElmer FTIR spectrometer. Prior to the sample analysis, the back-
ground spectrum of air at ambient condition was running, the spectra of
the sample were recorded in the range of 4000 to 500 cm�1 with a res-
olution of 1cm�1. The specific surface areas and porosity were measured
by nitrogen adsorption/desorption at 77 K using Nova 4200e-series
equipment.
2.5. TOC analysis

TOC was determined using the method described by Mane et al [35],
by adding 10 mL of 1 N potassium dichromate and 2 mL of concentrated
sulphuric acid to 250mL conical flask containing 50ml of sample and left
to stand for 30 min. The volume was then adjusted with 150 mL distilled
water, 10 mL of orthophosphoric acid and 1 mL Diphenylamine indicator
was added to the content of the conical flask and this was titrated with
0.05 N ferrous ammonium sulphate (FAS) till color changes from
blue-violet to green. The concentration of TOC in the water sample was
then determined using the relationship presented in Eq. (4)

TOC¼ 10
�
Vb � Vf

�� 0:003
Vb � V

(1)

Where Vb is the volume of FAS in a blank, Vf is the volume of FAS in the
sample and V is the volume of the sample.

The CODwas also determined using the method described by Mane et
al [35], by adding 10 mL of 0.25 N potassium dichromate (K2Cr2O7) and
30 mL of sulphuric acid and Silva-sulphate (H2SO4þAg2SO4) to COD Vail
containing 20 mL of the sample. The solution was digested for 2 h in the
COD digester. The sample was then brought out and allowed to cool to
ambient temperature. The solution was then diluted to 150 mL with
distilled water and the excess K2Cr2O7 remainedwas titrated with ferrous
ammonium sulphate (FAS) using ferroin indicator. The concentration of
COD in the water sample determined from the relationship presented in
Eq. (2)

COD¼ða� bÞ � N � 1000� 8
V

(2)

Where a is the mL of FAS used for the blank, b is the mL of FAS used for
the sample, N is the normality of FAS and 8 is the milliequivalents of
oxygen, and V is the volume of the sample.
2.6. Batch adsorption studies

The batch adsorption experiments were carried out at 30 � C by
adding 0.02, 0.04, 0.06, 0.08 and 0.1 g of FMWCNTs adsorbent in a 250
3

ml conical flask, each containing 100 mL produced water. The flasks
were sealed and placed in a thermostated shaker operated at 150 rpm and
allowed to attain equilibrium. The kinetics of adsorption experiments
were conducted at a different time interval (10, 20, 30, 40, 50, and 60
min). The effect of temperature was investigated at different tempera-
tures (30, 40, and 50 �C). After each experiment, the flasks were brought
out of the shaker and the sample was filtered through a 0.45-µm mem-
brane filter to separate the spent adsorbent. The final concentration of
TOC in produced water was determined using the method described by
Mane et al. [35]. The uptake efficiency of the nano-adsorbent was
calculated using Eq. (3)

Percentage TOC uptake¼Co� Ce
Co

X100 (3)

Where Co is the initial concentration of pollutants in mg/L and Ce is the
final concentration of TOC at equilibrium.

The amount of pollutants adsorbed at equilibrium was calculated
using Eq. (4)

qe ¼
�
Co � Ce

m

�
V (4)

Where; qe, is the amount of TOC adsorbed at equilibrium (mg/g), Co is
the initial concentration of TOC molecule (mg/L), Ce is the equilibrium
pollutants concentration in solution (mg/L), m is the mass of adsorbent
(g)
2.7. Experimental design for TOC removal from produced water

The central composite face-centered design was employed to capture
the effects of three essential adsorption process variables: (I) contact
time, (J) solution temperature, and (K) adsorbent dosage on the re-
sponses (removal of TOC). The numerical factors were varied over 3-level
plus andminus one axial point, plus andminus one (1) factorial point and
one center point. The variables, the coded and actual values are as pre-
sented in Table 1. The experimental results of the response surface
methodology were fitted using second order polynomial Eq. (5)

Y ¼αo þ
X

αiiBi þ
�X

αiiBi

�2
þ
X

αijBiBj (5)

Where Y is the predicted responses (TOC removal), αo is the constant, αiiis
the quadratic coefficients. αij, is the interaction coefficients, and BiBj are
the coded values of the chosen variables. Analysis of variance (ANOVA)
was carried out to establish the significance of the quadratic model at a
95% confidence interval and Design Expert Version 6.0.8 (Stat Ease, Inc.,
Minneapolis, MN 55413, USA) was used for the quadratic model fitting.
2.8. Adsorption kinetics study

The adsorption mechanism of TOC on FMWCNTs was investigated
using pseudo-first-order, pseudo-second-order, Elovic, and intra-particle
diffusion models.

2.8.1. Pseudo–first–order kinetic equation
The Lagergren’ [36] pseudo-first-order Equation is generally

expressed as:

dqt
dt

¼ k1ðqe � qtÞ (6)

Where qe and qt are the sorption capacity (mg/g) of the FMWCNTs nano-
adsorbent at equilibrium and any time t respectively, and k1 (min�1) is
the rate constant of pseudo-first order adsorption. Integrating Eq. (6) and
applying the boundary condition qt ¼ 0 at t ¼ 0 and qt at t ¼ t, Eq. (6)
becomes linear as presented in Eq. (7)



Table 1. Variation of variables at the center point.

Variables Unit Symbols Coded values Actual values

-1 0 þ
Contact time (min) I 10 30 50

Solution temperature (�C) J 30 40 50

Adsorbent dosage (g) K 0.02 0.06 0.1
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Logðqe � qtÞ¼Logqe � k1t
2:303

(7)
Pseudo-first-order rate constant and equilibrium adsorption capacity
are estimated from the slope and intercept of linear plot of Logðqe �qtÞ
versus t, respectively.

2.8.2. Pseudo-second-order kinetic model
Pseudo-second-order kinetics model [37] is given as Eq. (8)

dqt
dt

¼ k2ðqe � qtÞ2 (8)

Integrating Eq. (8), the linear form, Eq. (9) is obtained

t
qt
¼ 1
k2qe2

þ t
qe

(9)

Where k2 (gmg�1min�1) is the Pseudo second-order equilibrium rate
constant. The plot of t

qt
versus t gives a linear relationship and then k2 and

qe can be determined from the slope and intercept of the line, respec-
tively. The initial rate of adsorption h (mgg�1min�1) when t → 0, could
be obtained from Eq. (10)

h¼ k2qe2 (10)

2.8.3. Elovic kinetic model
The Elovic model is given as

qt ¼ 1
βd

lnðαaβdÞ þ
1
βd

lnðtÞ (11)

Where αa (mgg�1min�1) is the initial rate of adsorption and βd (g/mg) is
the desorption constant related to extent of the surface coverage and
activation energy for chemisorption.

The kinetics constants α and β are determined from the slope and
intercept of the plot of qtversus ln t, respectively.

2.8.4. Intra-particle diffusion model
To investigate the diffusion mechanism, intra-particle diffusion mode

expressed as Eq. (12) was used

qt ¼Kpt1=2 þ C (12)

Where Kp is the intra-particle diffusion rate constant (mgg�1min�1/2) and
C (mg/g) is the intercept whose value gives information about the
boundary layer thickness. The value of Kp and C are calculated from the
slope and intercept of the linear plot of qt versus t1/2, respectively.
2.9. Adsorption isotherms study

The equilibrium data were analyzed using Langmuir, Freundlich and
Harkins-Jura isotherms model to describe the relationship between the
adsorbent and the adsorbed TOC.

2.9.1. Langmuir isotherm model
The Langmuir isotherm model expressed as Eq. (13) was employed to

determine the maximum adsorption capacity obtained from complete
monolayer coverage of TOC on the surface of the nano-adsorbent.
4

qe ¼ qoαLCe

1þ αLCe
(13)
The linear form of Eq. (13) is expressed as Eq. (14)

1
qe

¼ 1
qo

þ 1
αLqoCe

(14)

Where qe (mgg�1) is the adsorption capacity of TOC by the adsorbent at
equilibrium, qo (mgg�1) is the maximum monolayer TOC adsorption
capacity, αL (Lmg�1) is the Langmuir isotherm constant related to the free
energy of adsorption and Ce (mgL�1) is the equilibrium concentration of
TOC in solution. Langmuir isotherm fit the sorption process if a plot of 1

qe

versus 1
Ce

gives a straight line. 1
αL
, and 1

qo
are obtained from the slope and

intercept of a linear plot, respectively.
The dimensionless equilibrium parameter is known as the separation

factor (RL) used to analyze Langmuir isotherm is expressed as Eq. (15)

RL ¼ 1
1þ ∝LCo

(15)

The value of RL gives information about the favorability of the
isotherm, the adsorption is favorable if RL value lies between 0 and 1,
unfavorable (RL > 1), linear (RL ¼ 1), or irreversible (RL ¼ 0).

2.9.2. Freundlich isotherm
The Freundlich isotherm is expressed as Eq. (16)

qe ¼Kf Ce
n (16)

The linear form of Eq. (16) is expressed in logarithm form given in Eq.
(17)

Logqe ¼LogKf þ nLogCe (17)

Where qe (mgg�1) is the amount of TOC adsorbed at equilibrium, Kf is
Freundlich constant related to adsorption capacity and n is the hetero-
geneity coefficient. These two parameters are obtained from the plot of
Log qe versus, Log Ce.

2.9.3. Harkin-Jura isotherm
Harkin-Jura adsorption isotherm can be expressed as Eq. (18)

qe ¼
�

AH

BH � LogCe

�1=2

(18)

And the linear form is expressed as given in Eq. (19)

1
qe2

¼
�
BH

AH

�
�
�

1
AH

�
LogCe (19)

Where the Harkin-Jura isotherm constants AH and BH are obtainable
from the plot of 1

qe2
versus. LogCe

3. Results and discussion

3.1. Characterization of carbon nano-adsorbent

This study focused on the development of nano-adsorbent from CNTs
for the removal of TOC from oil-produced water. HRSEM was used to
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study the morphology, alignment, the density of the tubes and the purity
of the grown tube bundle. The HRSEM micrographs of as-produced,
purified and functionalized MWCNTs are shown in Figure 1a, b, and c,
respectively. The HRSEM image in Figure 1a revealed compactly inter-
woven like structured MWCNTs of non-uniform diameters with several
micrometers in length. It was noted that the grown MWCNTs have non-
homogeneous wall structure morphology as some are hollow while some
are spiral (red arrow) as revealed in the HRSEM micrograph. It can also
be seen that the as-produced MWCNTs contain some impurities such as
amorphous carbon, support and catalyst nanoparticles. The black spots
indicated by the yellow arrow in the HRSEM image represent the catalyst
while the presence of the support or/and carbonaceous impurities is
denoted by a dotted circle.

Metal impurities are normally found in as-synthesized MWCNTs from
the CVD process due to residue from the transition metal catalyst [38].
After refluxing in a mixture of nitric and sulphuric acid, there was a
remarkable reduction in the metal impurities, while the presence of
support or/and amorphous can still be seen as shown by the yellows
circle in Figure 1b. The presence of amorphous carbon in CNTs could
particularly enhance the adsorption capacity of organic chemicals onto
the surface of CNTs [39]. It is worthy of note that the purification process
generates various functional groups, cut and shorten CNTs [40] after the
purification, the MWCNTs became more homogenous and some of the
tangled and bent MWCNT become straightened as indicated by the blue
arrow in Figure 1b, indicating less structural defect. Tangling is an
indication of large structural defects in CNTs [41]. In addition, the pu-
rified MWCNTs appeared less compacted compared to the as-produced
CNTs. This may be attributed to the presence of functional groups
introduced by the acid purification and these functional groups are
believed to cause a reduction in the force of attraction which facilitates
Figure 1. HRSEM of the Developed nano-adsorbent (a) as-produced M
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dis-bundling of the CNTs into the individual tube, enhanced it solubility
in most organic solvents thereby give room for further modifications of
CNTs such as functionalization [42].

The HRSEM image of FMWCNTs (Figure 1c) revealed a shining
spongy like morphology confirming that the PSE molecule was success-
fully incorporated on the outer wall of the MWCNTs (arrow). Moreover,
the rough surface morphology of FMWCNTs observed may be linked to
the agglomeration of the MWCNTs tubes resulted from the functionali-
zation process and this suggested that the FMWCNTs would aggregate
pollutants. In addition, the MWCNTs appeared less-tangled after the
functionalization process and suggested an enhanced adsorption capa-
bility of the FMWCNTs. The amine group present in PSE may facilitate
electrostatic attraction with the negative charges on the organic com-
pound in oil-produced water, hence improves the wettability and
consequently the adsorption capability. The morphology of MWCNTs
adsorbents was also obtained after the application for TOC removal from
oil-produced water and the result of HRSEM is presented in Figure 1d. It
was observed that the surface of the spent adsorbent was coated by the
recovered pollutants. This may be an evidence of efficient adsorption of
TOC onto the surface of the outer-wall of clustered MWCNTs structures.
It was noted that the MWCNTs' structure was retained after the appli-
cation, though trivial MWCNTs cut and shortening were observed.

The HRTEM image Figure 2 corroborates the HRSEM results. The
HRTEM in Figure 2a revealed the presence of impurities such as catalyst
nanoparticle support and amorphous carbon as indicated by arrows.
Figure 2b confirmed the effectiveness of the purification method adopted
as fewer impurities were left after the purification as confirmed by the
EDX (Fig 3a and b, XRD (Figure 4), and Raman (Figure 5), and also
showed that the MWCNTs were produced via tip grow (arrow). HRTEM
image of FMWCNTs presented in Figure 2c confirmed the attachment of
WCNTs, (b) PMWCNTs (c) FMWCNTs and (d) Spent adsorbent.



Figure 2. HRTEM of the Developed nano-adsorbent (a) as-produced MWCNTs, (b) PMWCNTs (c) FMWCNTs.
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Figure 3. (a) Change in percentage composition of elements in the as-produced MWCNTs after purification. Result based on EDX elemental analysis of as-produced
and purified MWCNTs in (b).
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the PSE molecule on the surface of the MWCNTs. This is evident by the
observation of a thick black egg-shaped cluster attached to the surface of
the FMWCNTs.

Further, the X-ray diffraction patterns of unpurified and purified
MWCNTs presented in Figure 4 showed that the purity of carbon in
MWCNTs was significantly enhanced by the purification process. The
intensity of peaks due to graphitized carbon of CNTs around 2θ of 26�

(002) and 44� (100) planes was higher in the purified sample than the as-
produced sample. Especially, the peak at 2θ of 35.51� which may be due
to impurities found in unpurified CNTs disappeared after purification.
Raman spectroscopy analysis of the as-produced and purified carbon
nanotubes shown in Figure 5(a) and (b) indicated that the weak and
broad peaks in the as-produced sample were narrowed to form sharp
peaks after purification. In both samples, radial breathing modes (RBMs)
were observed in the low frequency region (100–200 cm�1), and these
are associated with large diameter tubes of the MWCNTs under study
6

[43]. The most important features seen in Figure 5(a) are the disorder
induced D band at 1320–1370 cm�1, and the tangential G band at
1530–1610 cm�1 which are related to the graphite tangential E2g Raman
active mode where the two atoms in graphene unit cell are vibrating
tangentially one against the other [43]. The D mode indicates the
disordered features of the carbon and defects in the curved graphite
sheet, sp3 carbon with other impurities while the G mode is associated
with the ordered crystalline graphite in the CNTs [44]. The Raman
spectrum shows a second-order harmonic band G’ (Graphite) at 2426
cm�1 and 2664 cm�1, and a peak at 3638 cm�1 corresponding to the D þ
G band.

Depicted in Figure 6 is FTIR spectra of as-produced MWCNTs,
PMWCNTs, and FMWCNTs. The FTIR spectra of as-produced MWCNTs
showed fewer weak absorption peaks at 2973 cm�1 corresponding to
C–H stretch; 1534 cm�1, for MWCNTs C¼C stretch and 1023 cm�1C–O
stretching vibration [45,46]. The formation of new absorption bands was



Figure 4. XRD spectra of (a) as-produced and (b) PMWCNTs.
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obvious after the purification of the MWCNTs. Additional peaks were
observed at1630, 2630 and 3250 cm�1corresponding to C¼O stretch
C-Hx stretch and–OH stretch, respectively. The shift in the w C¼C stretch
to a higher wavenumber may be an indication of the change in the
MWCNTs structure upon acid purification as Infrared (IR) wavenumber
(1600cm�1) depend on the geometry and the diameter of the tube [46,
47]. The incorporation of PSE on the surface of MWCNTs resulted in the
appearance of additional peaks at 1156 and 2346 cm�1corresponding to
N–C stretching vibration attributed to the incorporation of amine group
[48] and C–O stretching vibration for ester [27]. The additional func-
tional groups formed on the surface of FMWCNTs due to the incorpora-
tion of PSE provided new adsorption site for the removal of TOC from
oil-produced water.

The surface area of adsorbent is also very vital to the adsorption
process as porous material with a high surface area may be employed as
adsorbent [49]. The high adsorption capacity of CNTs is attributed to
their large surface area [50]. The BET analysis revealed that the surface
area of as-produced MWCNTs, PMWCNTs and FMWCNTs is 970.17
m2/g, 869.25 m2/g and 831.80 m2/g, respectively. This result is
consistent with the surface area reported [27, 51] for similar materials.
The reduction noticed in the surface areas of purified and functionalized
Figure 5. Raman Spectra of as
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MWCNTs may be attributed to the presence of functional moieties on the
internal and external of the surface of the MWCNTs as a result of the acid
oxidation and polymer agglomeration [15, 52] as confirmed by the FT-IR
(Figure 6) and HRSEM image. The existence of these functional groups
provided the various binding site for pollutants fixation.

3.2. Batch adsorption study

The batch adsorption studies have been extensively reported in the
literature [15, 49] as a simple and reproducible methodology usually
performed to provide vital information on the behavior of the adsor-
bent. The developed nano-adsorbents (PMWCNTs and FMWCNTs)
were employed for adsorption of TOC from Produced water by batch
adsorption studies. The performance efficiency of the PMWCNTs and
FMWCNTs nano-adsorbent was examined with TOC initial concentra-
tion of 55.53 mg/g under the same batch adsorption condition: 0.02 g
adsorbent dosage, 10–90 min contact time and 30 �C solution tem-
perature. Figure 7 showed that the removal efficiencies of PMWCNTs
and FMWCNTs increased as the contact time increased until the
equilibrium time was reached beyond which no more TOC is removed.
It was noticeable from Figure 7 that the FMWCNTs did not only
exhibit a fast adsorption rate but also showed superior performance
efficiency compared with PMWCNTs. The FMWCNTs achieved about
93.6% removal efficiency within 30 min of the adsorption process,
while the removal efficiency of PMWCNTs increased gradually from
72% to about 78.3% within 70 min of the adsorption process. High
adsorption rate, high selectivity and fast kinetics are vital to the se-
lection of the most promising adsorbent [49] FMWCNTs. The fast
adsorption rate of FMWCNTs may be attributed to the possibility of
pyrene in PSE to form π-π interaction with CNTs leading to sidewall
non-covalent functionalization of CNTs; consequently, this facilitates
the solubility of CNTs in water, increased the adsorption energy and
thus improved the removal capability of FMWCNTs [53, 54]. In
addition, it is obvious from the FTIR result shown in Figure 6 that the
incorporation of PSE in FMWCNTs resulted in the formation of addi-
tional functional groups, which created more chemical adsorption sites
on the surface of FMWCNTs and thereby enhanced the dispersion of
FMWCNTs in the liquid phase and made them more suitable for the
adsorption of TOC. FMWCNTs were chosen as the preferred adsorbent
for the adsorption process because it posits a more viable route for
industrial application.
-produced, and PMWCNTs.



Figure 6. FTIR Spectra of as-produced MWCNTs, PMWCNTs and FMWCNTs.
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3.2.1. Effect of contact time, solution temperature and adsorbent dosage on
TOC uptake from produced water

Several studies [15, 51, 55], have demonstrated the importance of
adsorption process parameters: contact time, solution temperature and
adsorbent dosage to batch adsorption process. The influence of contact
time from 10-60 min was investigated on the adsorption capacity of TOC
in the temperature range of 303–323K and adsorbent dosage of
0.02–0.1g. The results depicted in Figure 8 indicated that the sorption
process occurs at a faster rate and the adsorption capacity increased with
the contact time, then, followed by a slower adsorption rate until equi-
librium time was reached when no remarkable TOC removal was
observed. The fast adsorption rate at the initial period was due to a high
driving force in the solid/liquid phase, leading to the fast removal of the
TOC by the FMWCNTs adsorbent [51]. The slow adsorption rate noted
with time as the reaction progressed may be attributed to the saturation
of the external surface of the FMWCNTs nano-adsorbent by the TOC
which resulted in diffusion of the TOC into the pore and binded by the
internal surface of the nano-adsorbent [56].

It was found that equilibrium was attained in about 40 min corre-
sponding to 259.7mg/g at adsorbent dosage of 0.02 g and temperature of
303K. Similar trend was noticed for all the adsorbent doses as shown on
Figure 8. Nevertheless, a decrease in adsorption capacity with increased
Figure 7. Performance evaluation of PMWCNTs and FMWCNTs at contact time
(30 min), adsorbent dosage 0.02 g, solution Temperature (303K).
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in adsorbent doses was noted. The increase in the adsorption rate with
increasing adsorbent dosage is linked to increase in surface area and
available sorption site for binding TOC on the FMWCNTs nano-adsorbent
surface resulted from increased in dosage while the decreased in
adsorption capacity with increased in adsorbent dosage may be ascribed
to the saturation of the adsorption site by TOC [57]. The high adsorption
capacity of FMWCNTsmay be attributed to high surface area, availability
of more surface functional groups, nature of the adsorbent and the
adsorbate.

In addition, Figure 8 showed that the sorption capacity of FMWCNTs
decreased as the temperature increased from 30-50 �C (303–323K) for all
the adsorbent doses considered in this study, implying that the adsorp-
tion of TOC to FMWCNTs was exothermic and the FMWCNTs nano-
adsorbent affinity for TOC was higher at lower temperature. The
decreased in adsorption capacity with increasing solution temperature
may be ascribed to the high kinetic energy of TOC which prevented them
from binding to the active site on the surface of FMWCNTs nano-
adsorbent and reduction in the boundary layer of the nano-adsorbent
owing to higher tendency of TOC to desorb from the pores [23]. Hence
the kinetics study at various doses was carried out at 30 �C.
3.3. Modeling of TOC removal by RSM

Central composite design of response surface methodology was
applied to optimize three individual adsorption process parameters
related to water treatment in order to facilitate cost-effective adsorption
process. The response (adsorption capacities) was ranged from 55.33 to
259.85 mg/g as depicted in Table 2. Quadratic polynomial regression
model of CCD was used to analyze the experimental data. All the main
effects and their interactions were calculated; the regression coefficients
were obtained. In the model Equation, the terms found to be insignificant
were ignored and the final Equation in terms of coded factors, Eq. (20)
follows;

Adsorption capacity for TOC sorptionðqeÞ¼ 86:56þ 12:67I� 5:21J

� 87:64Kþ 64:20K2 � 13:95IKþ 6:12JK (20)

Based on the quadratic polynomial Eq. (20), it was found that the
contact time has synergetic single effects on adsorption capacity while
the solution temperature and the adsorbent dosage have antagonistic
effects on the adsorption capacity. This predicted trend was consistent
with the experimental results which showed that the adsorption capacity
decreased with increasing solution temperature and the adsorbent



Figure 8. Effect of time and adsorbent dosage on removal of TOC at temperatures (303, 313 and 323K).
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dosage as presented in section 3.2.1. Only adsorbent dosage had signif-
icant quadratic effect on the adsorption capacity. The interaction of
contact time and adsorbent dosage had negative effect on the adsorption
capacity for TOC removal while the interaction between adsorbent dose
and solution temperature has positive effects on the adsorption process
but the interaction of contact time and solution temperature did not have
any significant effect [58].
Table 2. Modeling of TOC removal by RSM.

S/N Coded value Contact time (min)

I J K

1 1 1 -1 50.00

2 0 0 0 30.00

3 0 0 1 30.00

4 0 0 0 30.00

5 0 0 0 30.00

6 0 1 0 30.00

7 0 0 0 30.00

8 0 0 0 30.00

9 -1 0 0 10.00

10 -1 -1 -1 10.00

11 -1 1 1 10.00

12 1 0 0 50.00

13 1 1 1 50.00

14 0 0 -1 30.00

15 0 0 0 30.00

16 -1 -1 1 10.00

17 0 -1 0 30.00

18 1 -1 -1 50.00

19 -1 1 -1 10.00

20 1 -1 1 50.00
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The adequacy and significance of the developed quadratic polynomial
model for the sorption process were evaluated using the Fisher F-test and
p-value of the analysis of variance ANOVA presented in Table 3. The
goodness of fit was accessed by coefficient of determination R2 which
showed the variability in response predicted by the independent vari-
ables [59]. The R2, adjusted R2 and predicted R2 were found to be
0.9959, 0.9923, and 0.9547, respectively. With a difference of less than
Actual value Response

Solution temperature (�C) Adsorbent dose (g) TOC (mg/g)

50.00 0.02 248.67

40.00 0.06 85.78

40.00 0.10 55.47

40.00 0.06 85.78

40.00 0.06 85.78

50.00 0.06 85.11

40.00 0.06 85.78

40.00 0.06 85.78

40.00 0.06 71.98

30.00 0.02 217.3

50.00 0.10 55.33

40.00 0.06 86.48

50.00 0.10 55.47

40.00 0.02 248.27

40.00 0.06 85.78

30.00 0.10 55.41

30.00 0.06 87.98

30.00 0.02 259.85

50.00 0.02 179.4

30.00 0.10 55.49
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0.2, the predicted R2 is in reasonable agreement with the adjusted R2

[60]. The model F-value of 271.45 indicated that the model was signif-
icant (P- value <0.0001) and implied that the predicted model
adequately represented the data for the adsorption TOC. The adequacy of
precision which measures the signal to noise ratio should be more than 4
[58] and in this study was found to be 48.11 indicating adequate signal.

The 3D response surface plots of the interaction effects of three pa-
rameters on the adsorption capacity for TOC removal were presented in
Figure 9. Figure 9a showed that the effect of contact time and adsorbent
dosage on adsorption capacity at constant temperature and Figure 9b
depicted the influence of adsorbent dosage and solution temperature at
constant contact time on the adsorption capacity. As shown in Figure 9,
the interaction of three parameters has different effects on the adsorption
capacity for TOC removal from oil-produced water.

Numerical optimization of the model Eq. (20) was carried out using
design expert (6.0.8) software package to determine condition that
maximize the adsorption capacity for TOC removal from oil-produced
water. The goal for the adsorption capacity was set to maximum as
required while the contact time, solution temperature, and adsorbent
dosage were set to be in range. The optimum condition was selected
based on the highest desirability which normally ranged from zero to 1
[61]. The numerical optimization produced an optimum adsorption ca-
pacity for TOC of 260 mg/g at contact time of 49.70 min, solution tem-
perature of 34.81 �C and dosage of 0.02 g having desirability of one. The
optimal solution confirmed the operating parameters that maximize the
adsorption process.

To verify the model prediction, the validation experiment was carried
out under the predicted optimal conditions; and the adsorption capacity
of 257.8 mg/g was achieved for TOC removal from oil-produced water.
The result obtained indicated that the corresponding average TOC
removal was within the predicted values of the model. This result
corroborated the effectiveness of the RSM for optimum TOC removal
from crude oil-produced water.

The raw and treated produced water at the optimum condition were
characterized for their physicochemical properties, and the results are
presented in Table 4. As shown in Table 4, most of the parameters
considered were considerably high and significantly exceeded the
acceptable limit. This may be linked to the geological characteristics of
the reservoir, the chemical composition of oil and gas phases in the
reservoir and the added chemicals [62, 63]. After treating with the
FMWCNTs nano-adsorbent, there was appreciable reduction of these
contaminants, though the value of conductivity and TDS were still quite
high. Conductivity, according to EPA [11] does not have any direct
health or sanitary significant, however it is an indication of the present of
dissolved ionisable solids. It was observed that the pH, dissolved oxygen
Table 3. ANOVA for the TOC uptake.

Source Sum ofSquare DF

Model 97963.36 9

A 1605.29 1

B 271.44 1

C 76807.70 1

A2 196.36 1

B2 3.64 1

C2 11334.51 1

AB 89.78 1

AC 1556.82 1

BC 300.13 1

Residual 400.99 10

Lack of Fit 400.99 5

Pure Error 0.000 5

Cor Total 98364.35 19

*significant at P-value <0.05.
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(DO) and biological oxygen demand (BOD) of the untreated produced
water were found to fall within EPA [11] and NIS [64] standards. This is
possibly due to the pre-treatment of the oil-produced water with acti-
vated sludge wastewater treatment plant. Interestingly, it was found that
the FMWCNTs adsorbent was also effective for the removal of COD and
phenol suggesting its potential and capability for removal of organic
contaminants.

3.4. Adsorption kinetics study

Adsorption kinetics study is very vital as it provides important in-
formation about the reaction pathway and, rate-controlling mechanism
[61, 65]. The kinetics of TOC were analyzed by pseudo-first order,
pseudo-second order, Elovic models and the adsorption mechanism
examined by intra-particle diffusion model. The rate constants were
estimated from the linearized plots presented on Fig 10 (supplementary),
and were shown in Table 5. The applicability of the kinetics models for
the adsorption of TOCwas tested by R2 and Residual Sum of Square Error
(RSSE). The results indicated that the R2 obtained for
pseudo-second-order were remarkably high with values > 0.999 for all
the adsorbent doses studied. Moreover, the RSSE obtained were also very
low, implying that the kinetics of TOC onto FMWCNTs is best described
by pseudo-second-order model. The results in Table 5 also revealed that
there was a good agreement between the experimental and calculated
qevalues which also attested to the goodness of fit. The rate constants for
pseudo-second order increased from 0.0019 to 1.08 gmg�1min�1as the
dosage increased from 0.02 to 0.1 g, implying that the adsorption is rapid
at the higher dosage and reached equilibrium faster than at the lower
dosage [66]. Pseudo-first-order model was poorly correlated with pre-
dicted qe values far less than that obtained from the experiment.
Intra-particle diffusion and Elovic models were fairly correlated
compared with pseudo-first-order model. The adsorption mechanism
showed that the adsorption process is not solely controlled by
intra-particle diffusion since theWeber Morris linear plots of qtversus t1=2

did not pass through the origin [67]. The adsorption of TOC onto
FMWCNTs nano-adsorbent was best described by pseudo-second-order
kinetic model which supported the assumption that chemisorption is
the rate-limiting. This reaction mechanism suggested ion exchange be-
tween TOC and the oxygen containing surface functional group on the
FMWCNTs nano-adsorbent [68]. Similar kinetics result was obtained by
Sajab et al [69] for the removal of TOC from bleaching effluent from pulp
and paper mill using chemically treated oil palm empty fruit fiber. Based
on the R2 value and RSSE obtained, the trend is Pseudo second order >
Elovic > Intra-particle diffusion > Pseudo first-order kinetic model for
TOC removal from produced water.
Mean Squares F Value Prob > F

10884.82 271.45 <0.0001*

1605.29 40.03 <0.0001*

271.44 6.77 0.0264*

76807.70 1915.47 <0.0001*

196.36 4.90 0.0513

3.64 0.091 0.7695

11334.51 282.67 <0.0001*

89.78 2.24 0.1654

1556.82 38.82 <0.0001*

300.13 7.48 0.0210*

40.10

80.20 0.0623

0.000



Figure 9. 3D response surface plots: (a) effect of adsorbent dosage and contact time on adsorption capacity, (b) effect of solution temperature and adsorbent dosage.

Table 4. Physicochemical properties of raw and FMWCNTs-treated water at optimum condition.

Physicochemical properties Raw Produced Water FMWCNTs-treated Water EPA/NIS

pH 6.5 7.8 6.5–8.5

Conductivity (μS/cm) 22440 13600 1000

TDS (mg/L) 12100 6700 500

Turbidity (NTU) 11.53 1.9852 5.00

TOC (mg/L) 55.53 0.0249 5.00

DO (mg/L) 4.75 1.45 5–6

BOD (mg/L) 2.8 0.25 6–7

COD 874.67 48.5 40.00

Phenols (x10�3 mg/L) 10.9 0.13 1.0

Nitrite (mg/L) 3.16 0.18 0.20

Nitrate (mg/L) 350 120 50

Table 5. Rate parameters for uptake of TOC at various doses of adsorbent and 303 K.

Linear Kinetic model Dosage

0.02 g 0.04g 0.06g 0.08g 0.1g

qeexperimental (mg/g) 259.85 130.93 88.45 69.37 55.50

Pseudo-first-order

k1 (min�1) -0.0683 -0.1064 -0.0977 -0.1318 -0.1396

qe (mg/g) 10.8447 10.7453 6.0323 0.4730 0.4455

R2 -0.0122 0.5242 0.3695 0.9381 0.9430

RSSE 2.7711 2.2947 1.6142 0.4988 0.5126

Pseudo-second-order

k2 (gmg�1min�1) 0.0036 0.0086 0.0173 1.3011 2.2464

qe(mg/g) 270.27 132.98. 89.45 69.40 55.49

ho (mgg�1min�1) 263.16 152.67 138.70 6265.66. 6918.021

R2 0.9989 0.9992 0.9995 1 1

RSSE 3.79 � 10�5 1.12 � 10�4 1.34 � 10�4 3.37 � 10�8 5.24 � 10�8

Elovic

α (mgg-1min-1) 97.30 50.16 35.33 31.80 25.44

β (g/mg) 0.0155 0.0309 0.0460 0.0598 0.0748

R2 0.8972 0.8862 0.8649 0.7835 0.7835

RSSE 4722.08 1331.43 726.74 743.63 475.95

Intra-particle diffusion

kint (min�1) 31.82 15.93 10.63 8.012 6.41

Cint (mg/g) 58.82 30.64 21.91 20.23 16.18

R2 0.73463 0.7193 0.6911 0.5923 0.5923

RSSE 1219.11 3282.26 1660.81 1400.40 896.27
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3.4.1. Non-linear plots of the kinetics models
The non-linear regression plots of the kinetics models of adsorption of

TOC onto FMWCNTs were obtained using OriginPro 9.1. The non-linear
plots were depicted on Fig. 11 and the estimated parameters were pre-
sented in Table 6. The results revealed that pseudo-first-order kinetics
model best described the adsorption of TOC onto FMWCNTs based on the
non-linear regression plots as shown by the highest R2 value and lowest
RSSE in contradiction with what was obtained from the linear plots of the
kinetics data. Similar observation was made by Nthunya et al, [66]. In
addition, the predicted qe which was calculated directly from the
non-linear regression was in good agreement with the experimental qe
and showed a good approximation compared to qe estimated from the
linear model, suggesting further that the adsorption of TOC followed
pseudo-first-order kinetics model. Similar results have been observed by
L�opez-Lunaet et al [70] for arsenic removal by manganese ferrite nano
particles. Non-linear plots demonstrated that the goodness-of –fit of the
kinetics data to Elovic and intra-particle diffusion models based on the R2

and RSSE was consistent with the linear method but the estimated pa-
rameters were considerably high compared with that of the linear
method. This observation may be due to the problems associated with the
transformation of the non-linear to linear model which present a signif-
icant problem in estimating kinetics parameters, violate the fundamental
theories of isotherms model and alters the error structure [65, 70, 71].

3.5. Adsorption isotherms studies

Adsorption isotherms are very vital for describing the interaction
between the adsorbate and the adsorbent at equilibrium; analyzing of the
equilibrium data by fitting them to the appropriate equilibrium curve is
used to establish the suitable model that can be used to optimize the
design of the adsorption system [49]. Linear and non-linear plots of
Langmuir, Freundlich, and Harkins-Jura depicted in Fig. 12 and 13
(supplementary material) and the goodness-of-fit of the isotherms were
accessed by R2 and RSSE. Table 7 showed the parameters estimated from
both linear and non-linear plots of isotherms data. As shown in Table 7,
the R2 values were generally low for Langmuir and Freundlich isotherm
models which indicated that the equilibrium data were poorly fitted to
these models, even though the RSSE was low. Also, adsorption
Table 6. Rate parameters for uptake of TOC at various doses of adsorbent and 303 K

Non-linear Kinetic model Dosage

0.02g 0.04g

qe experimental (mg/g) 259.85 130.93

Pseudo-first-order

k1 (min�1) 0.15974 0.17299

qe (mg/g) 259.92 130.76

R2 0.99998 0.9992

RSSE 2.5651 2.50724

Pseudo-second-order

k2 (min�1) 0.00207 0.00394

qe (mg/g) 269.97 136.378

R2 0.99985 0.99979

RSSE 21.416 6.84116

Elovic

A 0.04249 0.09549

B 32739 62619.84593

R2 0.99544 0.99645

RSSE 209.48238 41.48148

Intraparticle diffusion

kint (min�1) 41.42228 20.92374

C int (mg/g) 4.04211 � 10�9 4.62641 � 10�9

R2 0.62822 0.60596

RSSE 17081 4608.3899
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parameters estimated indicated that the qe values obtained for the
Langmuir isotherm from both linear (179.21 mg/g) and non-linear
(163.4 mg/g) were lower than that of the experimental (256.9 mg/g)
and the RL was less than one which further demonstrated that the equi-
librium data did not follow Langmuir isotherm . The value of Kf for
Freundlich was found to be 49.9 mg/g for linear and 123 8 mg/g for
non-linear regression. Also, 1/n was found to be greater than unity in
both cases, implying a co-operative sorption process. The results revealed
a significant improvement of R2 value and RSSE for the Harkins-Jura
model indicating a better correlation and suggested multilayer adsorp-
tion process which could be explained by the existence of heterogeneous
pore distribution on the surface of FMWCNTs nano-adsorbent [72].
3.6. Comparison of equilibrium adsorption capacity

The adsorption capacities of some other adsorbents in comparison
with FMWCNTs used in the removal of TOC were presented in Table 8.
The FMWCNTs nano-adsorbent showed a very high adsorption capacity
compared to the other materials found in the literature. Though, some
materials exhibited higher adsorption capacity for TOC removal, how-
ever, it is evident from Table 8 that FMWCNTs adsorbent exhibited su-
perior performance for TOC as small quantity (20 mg) of FMWCNTs
adsorbent was required to achieve adsorption capacity of 259 mg/g,
demonstrating their efficiency and effectiveness as a potential adsorbent
for TOC sequestration from wastewater.
3.7. Adsorption thermodynamics

The temperature was investigated in the range of 303–323K to
predict the possible influence of thermodynamic parameters, such as
Gibb's free energy change ΔG (kJ/mol), enthalpy change ΔH (kJ/mol),
and entropy change ΔS (kJ/molK) on the adsorption of TOC onto
FMWCNTs nano-adsorbent. The Gibb's free energy change (ΔG) was
estimated from Eq. (21)

ΔG¼ � RTlnKTe (21)
.

0.06g 0.08g 0.1g

88.45 69.37 55.50

0.20644 0.65337 0.65565

88.18154 69.36093 55.4886

0.99985 1 1

1.97459 7.16868 � 10�4 4.56266 � 10�4

0.00728 0.75204 0.94268

91.4788 69.39867 55.51896

0.99984 1 1

2.1147 2.0204 � 10�4 1.28756 � 10�4

0.18448 1.49214 1.87518

1.47465 � 106 1.93443 � 1043 2.68026 � 1043

0.99793 0.99976 0.99976

11.11332 0.82241 0.52049

14.20556 11.12577 8.90063

5.63906 � 10�9 1.01812 1.01822

0.56507 0.4249 0.42489

2338.78032 1975.33515 1264.23332



Table 7. Adsorption isotherms parameter estimation.

Isotherms Linear Nonlinear

Langmuir

qo (mgg�1) 179.215 163.411

RL 14 16.90217

R2 0.57964 0.2288

RSSE 7.57022 � 10�5 15848.38317

Freundlich

kf 49.94 123.82832

N 11 0.25292

R2 0.23815 0.32261

RSSE 3.61978 13916.94196

Harkins-Jura

AH -7367.03 1615.2432

BH -0.9733 0.57598

R2 0.90014 0.88775

RSSE 4.24941 � 10�9 2716.96891

Table 8. Comparison of FMWCNTs Nano-adsorbent to the other materials on the adsorption of TOC.

Adsorbent Dosage (mg) Maximum adsorption capacity (mg/g) Reference

FMWCNTs 20 259.6 The current work

Chitosan (CS) 50–200 51 [73]

Chitosan-O-arginine 50–200 40 [73]

Granular AC 0–7500 1850 [74]

Granular AC 2000 164.05 [75]
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Where R is the gas constant (8.314J/(molK), T is the absolute tempera-
ture and KTe is the thermodynamics equilibrium constant and it is pre-
sented as:

KTe ¼Cad

Ce
(22)

Where Ce (mg/L) represent the equilibrium concentration of TOC in so-
lution and Cad (mg/L) the concentration of TOC on the adsorbent at
equilibrium. The values ΔH and ΔS were estimated from the following
Van’T Hoff Equation

ln KTe ¼ΔS
R

� 1
T

�
ΔH
R

�
(23)

The values of ΔH and ΔSwere estimated from the slope and intercept
of the plot of lnKTe versus 1

T as shown in Fig. 14 (Supplementary). Ther-
modynamic parameters for the adsorption of TOC from produced water
using FMWCNTs were presented in Table 9.

The negative values of ΔG indicated the feasibility and spontaneity of
the adsorption process. The decrease in the negativity ofΔGwith increase
in temperature for the adsorption of TOC onto FMWCNTs nano-adsorbent
suggested the exothermic nature of the adsorption process. The negative
value of ΔH affirmed the exothermic nature of adsorption of TOC onto
FMWCNTs nano-adsorbent and this implied that the adsorption process is
feasible at low temperature [76]. It was found that the value of ΔS was
negative for the TOC adsorption process; the negative values of ΔS indi-
cated a reduction in randomness at the solid/liquid interface during
adsorption process of TOC on the FMWCNTs nano-adsorbent [77].
Table 9. Thermodynamic parameters for TOC adsorption onto nano-adsorbent.

Sorbate Temperature (K) KTe ΔG (kJ/

TOC 303 1.57 � 103 -16.6991

313 1.06 � 103 -15.8082

323 9.63 � 102 -15.5933

13
4. Conclusion

This study demonstrated that TOC could be removed from crude
oil-produced water using PMWCNTs and FMWCNTs. The FMWCNTs
exhibited better performance probably due to the incorporation of the
PSE molecule which enhanced the hydrophilic properties of the
MWCNTs, improved their wettability and enhanced their adsorption
capability in the removal of TOC. The adsorption capacity was found to
be affected by solution temperature, contact time and adsorbent
dosage. The CCD of RSM employed for the optimization of process
parameters revealed the predicted optimum operating condition of;
contact time (49.70 min), solution temperature (34.81 �C) and adsor-
bent dosage (0.02 g). Adsorption of TOC was better described by
Harkins-Jura isotherm and pseudo-first-order kinetic models. The
thermodynamics study confirmed that the sorption process is sponta-
neous, feasible and exothermic as ΔG and ΔH were negative. The
negative entropy change (ΔS) revealed a reduction in randomness due
to increased stability of TOC on the nano-adsorbent surface and the
inference drawn from this is that less energy of interaction between the
of adsorbate and the adsorbent is required. The results obtained from
this study demonstrated that FMWCNTs may be explored as a prom-
ising nano-adsorbent for removal of TOC from crude oil-produce water.
Future study should be tailored towards performance evaluation of the
FMWCNTs using wastewater from other sources. Research should be
focused on regeneration/reusability study and column studies for a
better understanding of the adsorption mechanism to designing a
viable procedure for practical application.
mol) ΔH (kJ/mol) ΔS (kJ/molK) R2

-19.9436 -0.0050 0.9006
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