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Produced water (PW) during oil and gas production operations contains various hazardous substances
including heavy metals (HM) with adverse impact on the environment. Disposal of PW interferes with
environmental sustainability, making PW treatment obligatory prior to discharge into the environment.
Among previously available treatments of PW, environmentally sustainable methods using low-pore
space bio-adsorbents require further development. This study investigated the efficacy of chemically-
modified activated carbon (cMAC) of Luffa cylindrica (LC) and Banana Peel (BP) for the treatment of PW
obtained from Niger-Delta oilfield, treated (2, 4, and 6 h) with finely ground (425 pm) carbonized LC and
BP impregnated separately with phosphoric-acid and sodium hydroxide. The derived cMAC was
characterized by proximate analysis and FTIR spectroscopy. Treated PW was analysed for HM using
AAS, Langmuir, and Freundlich isotherms. Obtained values of the surface area for the cMAC from LC
were 880 (NaOH), 830 (HsPO,) m?/g and BP was 810 (NaOH), and 920 (H;PO,) m?/g. The existence of
active functional groups is revealed on the FTIR spectra. Results revealed a substantial drop in HM
concentrations (Zn: 30-86%, Cu: 78-88%, Ni: 33-55%, Fe: 17-52%) in PW after treatment with cMAC at
varying contact times. All metals (Zn, Cu, Ni) in the treated PW except Fe were below WHO and USEPA
guideline limits. Treatment of Niger Delta oilfield PW was effectively improved with acid-modified
carbonized L. cylindrica.
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INTRODUCTION

Petroleum is produced with large volumes of water et al., 2022) typically called Produced Water (PW). Thus,
(lgunnu and Chen, 2014; Nonato et al., 2018; Gbadegesin the petroleum industry is characterized by prolific
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wastewater generation during extraction and development
activities (Beech, 2006; Udeagbara et al.,2021). Produce
water constitutes the largest volume wastewater stream
from oil field operations and contains large amounts of
salt, scale products, and hazardous substances including
polycyclic aromatic hydrocarbons (PAH), benzene,
toluene, ethylbenzene, and xylene (BTEX), radioactive
materials, heavy metals (HM) and others resulting in the
contamination of the environment (Neff et al., 1992;
Igunnu and Chen, 2014; Olajire, 2020; Udeagbara et al.,
2021). Among these contaminants, heavy metals are of
particular interest because of their non-biodegradability,
long-term persistence in the environment, and adverse
impacts on human and environmental health (Kostecka et
al., 2014; Nowicki et al., 2016; Ani et al., 2019; Briffa et
al., 2020). Hence, PW during oil and gas extraction and
development operations contain various hazardous
substances including HM with adverse impact on the
environment.

In Nigeria, PW is a major environmental pollutant in
areas where oil exploration and production activities are
ongoing, the disposal of the PW interferes with
environmental sustainability, making PW treatment
mandatory prior to discharge into the environment. This
has led to increase in research works on plausible
treatment management options (Joel et al., 2010;
Isehunwa and Onovae, 2011; Onyema et al., 2015; Ofili
et al.,, 2015; Udeagbara et al., 2021). Whilst, many
treatment technologies for the management of PW exists,
efficient treatment methods that are cost-effective and
environmentally sustainable remain a challenge (Nwosi-
Anele et al., 2016; Nonato, 2018) and as such requires
further development. Among previously available
treatments of PW, environmentally sustainable methods
using low-pore space bio-adsorbents require further
development. Current research efforts on cost-effective
methods for the removal of toxic HM and other
contaminants have received increased attention
(Rasheed et al., 2017; Aclione et al., 2018; Oumam et al.,
2020; Udeagbara et al., 2021; Gbadegesin et al., 2022).

Currently, appropriate management strategies are not
only necessary for the treatment of PW to meet specified
limits of water quality required by regulatory agencies for
safe discharge and/or reuse (Nwosi-Anele et al., 2016;
Olajire, 2020) but also to achieve relevant Sustainable
Development Goals (Clean water and sanitation, Climate
Action, Life below water, and Life on land) strategic to
environmental sustainability and water use (UN, 2015). In
particular, a major current and future priority of PW
management should be directed to developing an eco-
friendly and cost-effective technology with zero pollutant
discharge (Olajire, 2020).

One way to achieve the aforementioned is by treating
PW using bio-adsorbents made from natural organic
materials, such as agricultural wastes or other raw
materials which are readily available and low-cost. Some
previous studies have evaluated the effectiveness of bio-
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adsorbents for the treatment of PW. Recently, Udeagbara
et al. (2021) reported 18 to 100% removal of HMs from
PW using non-carbonized bio-adsorbents produced from
organic materials. Furthermore, other studies have
demonstrated improved removal efficiency of various
contaminants in PW using bio-adsorbents processed into
activated carbon. Studies investigating possible
treatments of PW from Niger Delta oilfields have recently
reported improved removal efficiency for crude oil (50 =
74%) (Akinsete and Araoye, 2021) and HM (59 - 80%)
(Popoola et al., 2022) using activated carbon of bio-
adsorbents. The removal efficiency of contaminants,
especially HM can be further enhanced through the
modification of activated carbon using activating agents
such as phosphoric acid, nitric acid, hydrochloric acid,
zinc chloride, sulphuric acid, potassium hydroxide, and
sodium hydroxide (Jankowska et al., 1991; Kumar and
Namasivayam, 2009; Reffas et al., 2010; Li et al., 2015;
Rahman et al., 2015; Ani et al., 2020; Ziezio et al., 2020).
The increased removal efficiency of 61 to 83% of crude
oil from PW using phosphoric acid-modified activated
carbon has been demonstrated (Akinsete and Araoye,
2021).

Organic materials such as banana peel, a readily
available agro-waste, and sponge gourd (Luffa
cylindrica), a fast-growing vine that produces an inedible
sponge-like structure when mature are promising
candidates for oilfield PW treatment. Many organic
materials do not only serve as raw materials but have the
advantages of availability, low-cost, and can be readily
processed into activated carbon (Ziezio et al., 2020).

Efficient treatment technology that is cost-effective for
PW treatment to meet regulatory standards prior to
discharge and/or reuse has remained a big challenge for
the oil and gas industry (Olajire, 2020). Therefore, this
comparative study was conducted to assist in the
identification of an efficient oilfield PW treatment
technology. The study adopted the adsorption technology
using non-carbonized bio-adsorbent and activated
carbons (AC) prepared from L. cylindrica and banana
peel and modified with two activating agents (H;PO4 and
NaOH) for the removal of HMs (Cu, Fe, Ni, and Zn) and
other contaminants from oilfield PW at varying time
intervals.

MATERIALS AND METHODS

The PW sample (Figure la) was collected from the Gbetiokun
oilfield of Niger Delta, Nigeria. Banana peels (Figure 1b) and dried
mature fruit of L. cylindrica (Figure 1c) were sourced from a local
market in Ibadan, Oyo State, Nigeria. All reagents used were of
high analytical grade. The pH was attuned (from red colour) to
desired values (blue colour) using NaOH pellets.

Preparation of adsorbents

This study investigated the efficiency of chemically-modified
activated carbon (cMAC) of Banana Peel (BP) and L. cylindrical
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Figure 1. (a) Produced water sample; (b) Banana peels; (c) Luffa cylindrica.
Source: Authors

(LC) for the treatment of PW.

Pre-treatment of banana peels and L. cylindrica

Banana peels (BP) and L. cylindrica (LC) were thoroughly washed
with distilled water to remove dirt, cut into pieces, and air-dried for 7
days. Excess water was removed by oven-drying (100°C) for 5 h
(BP) and 3 h (LC) owing to the difference in their texture.
Completely dried samples of BP (ground and sieved) and LC (cut
into small pieces only due to very light texture) were stored in
airtight containers.

Modified bio-adsorbent

The non-carbonized bio-adsorbent of the BP and LC was pre-
treated with sodium hydroxide (1.25 M NaOH) by immersing 20 g of
non-carbonized bio-adsorbent in 50 mL NaOH solution at room
temperature for 24 h. The alkali solution was drained out and the
adsorbents were thoroughly washed with distilled water (to remove
NaOH) until pH 7 was attained. The obtained adsorbent samples
(MBP and MLC) were sun-dried (6 h), then oven-dried (2 h), and
stored in air-tight containers.

Production of activated carbon

The ground BP and LC samples were carbonized (Figure 2) in a
muffle furnace (Heraeus RO/ROF Tube Furnace) in a steady flow of
nitrogen gas (N), at a temperature of 450°C for 1 and 0.5 h,
respectively. The carbonized samples were left to cool down to
room temperature. Chemical activation of the carbonized samples
(CBP and CLC) was achieved by impregnation using phosphoric
acid (HsPO,; CBPP and CLCP) and sodium hydroxide (NaOH;
CBPN and CLCN) at a ratio of 1:3 for 24 h. Briefly, 40 g of activated
carbon was placed in a beaker and 120 mL of the activating agent
was added. After the 24 h impregnation process, the CBP and CLC
were filtered and washed repeatedly with water purified by
distillation (for acid and alkali removal from the pore spaces) to
obtain a neutral pH. The washed chemically activated carbons of
BP (CBPP and CBPN) and LC (CLCP and CLCN) were dried at
200°C for 5 and 2 h, respectively.

Characterization of activated carbons and produced water

Activated carbons were characterized for moisture content, ash
content, and volatile materials using methods described by
Oladimeji et al. (2021). Total and fixed carbon was determined by
the method described by Isehunwa and Onovae (2011), while the
bulk density and surface area were determined according to the
methods described by Sugumaran et al. (2012). Additionally, the
functional groups of activated carbons were determined by Fourier
transform infrared spectroscopy (FTIR; PerkinElmer Spectrum BXII)
which is an essential technique for determining the chemical
properties of activated carbon (Rahman et al., 2015).

Moreover, the PW (untreated and treated) was characterized for
total dissolved solids (TDS) and total suspended solids (TSS)
according to Oladimeji et al. (2021). The concentrations of heavy
metals (HM) in PW (untreated and treated) were determined using
atomic absorption spectrophotometer (AAS; PerkinElmer Analyst
200).

The effect of contact time was determined by adding 1 g of
activated carbon sample to 50 mL of distilled water in a bottle and
placed on a mechanical shaker for different contact times (2, 4, and
6 h). After shaking, the samples were filtered and HM, TDS, and
TSS were determined in the filtrate.

Adsorption batch experiments

The batch experiments for adsorption equilibrium were carried out
to estimate the adsorption isotherms of metal ions onto the surface
of the adsorbents used in this study. Equation 1 gives the quantity
of adsorbed metal ion at time t:

(Co —Co)xV

w

Q= 1)

While Equation 2 gives amount of metal ion adsorbed at equilibrium
conditions g:= ge and ¢; = Ce!

(Co —Ce)xV
w

Qe = )

The percentage adsorption is given by Equation 3:
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Figure 2. Carbonized: (a) banana peels; (b) Luffa cylindrical.

Source: Authors

% Adsorption =

M %100 3)
C

o
Adsorption isotherms

In this study, equilibrium isotherms were used to describe the
experimental bio-sorption data. The equations of Langmuir and
Freundlich are the most frequently used to describe experimental
data of adsorption isotherms. The parameters and assumptions of
these equilibrium isotherms continually provide certain acumen into
the sorption mechanism, the surface properties, and the affinity of
the sorbent (Langmuir, 1917).

The Langmuir isotherm

This Langmuir isotherm correlates the amount of extracted material
to its equilibrium concentration in the majority of solutions. Langmuir
(1971) showed that the model is only acceptable for monolayer
adsorption. Langmuir isotherm model (Equation 4) assumes
uniform adsorption on the surface and transmigration in the plane of
the surface.

Ce_ 1,1

-~ +ZC
e bk b © “)

where e signifies adsorption capacity at equilibrium in mg/g, Ce is
the equilibrium concentration (mg/L), k. is the Langmuir constant in
mL/mg and b is the adsorption capacity of the substrate (gram
solute/gram adsorbent). Plotting Ce/ge against Ce gives a straight
line of slope 1/b and an intercept 1/bk, that is equal to homogenous
and the adsorption energies to be equivalent for each adsorption
site. The key features of the Langmuir isotherm given in a
dimensionless equilibrium parameter R, are defined by Equation 5:

1
1+ bCqo ®

where Co is the original solute concentration, b is the Langmuir’s
adsorption constant (L/mg) and R, value gives the grouping of the
isotherm to be either unfavorable (RL>1), linear (RL =1), favorable
(0O< RL <1) orirreversible (R_ = 0) (EI-Nafaty et al., 2013).

RL

The Freundlich Isotherm

This is an empirical model describing the adsorption process

occurring on multilayer (that is, heterogeneous) surfaces
(Freundlich, 1906); the model (Equation 6) suggests that adsorption
capacity is correlated to the adsorbent concentration (Udegbara et
al., 2021).

1
In =Inks +—InC
Qe f n e (6)

where ge represents the equilibrium concentration (mg/g), Ce
denotes equilibrium concentration in solution (mg/L), ks signifies the
Freundlich adsorption isotherm constant and 1/n indicates the
heterogeneity of the data distribution which is correlated to the
degree of the adsorption driving force (Konggidinata et al., 2017).

RESULTS AND DISCUSSION
Adsorbent characterization

Characteristics of the adsorbent after the activation with
Hs;PO, and NaOH are shown in Table 1. The total ash
content ranging from 2.8 to 3.9% indicates that the
produced adsorbents contained high amounts of organic
materials. Additionally, the high carbon content indicated
that the biomass used in this study could serve as a good
bio-adsorbent in adsorption studies. The bulk density of
the chemically activated carbons (0.22 — 0.32 g/cm®) are
similar to the values obtained for phosphoric acid
impregnated carbonized plantain stem (0.32 g/cm®)
(Ekpete et al., 2017) but slightly lower than (0.39-0.56
g/cm3) phosphoric acid impregnated carbonized spent
coffee grounds (Ziezio et al., 2020). The obtained values
of the surface area for the chemically activated carbons
from BP were 810.0 (NaOH) and 920.0 (H;PO,) m*g and
from LC were 880.0 (NaOH) and 830.0 (HsPO,) m*/g.

The large surface area exhibited by the chemically
activated carbons in this study is higher than
(Ramutshatsha-Makhwedzha et al., 2022) but comparable
(Ziezo et al., 2020) to those reported in the literature for
activated carbons using similar activation agents.
Generally, a larger surface area indicates better-
developed porosity for the increased adsorption process
(Ziezio et al., 2020; Udeagbara et al., 2021).
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Table 1. Chemical characteristics of produced adsorbent.

Activated Carbon

Parameter Banana peel Luffa cylindrical

NaOH HsPO4 NaOH HsPO4
Moisture Content (%) 8.03000+0.15 8.40000+0.10 8.23000+0.12 7.97000£0.15
Volatile Matter (%) 0.23000+£0.06  0.80000+0.10  0.33000+0.06  0.60000+0.10

Total Carbon (%)

Total Fixed Carbon (%)
Total Ash (%) 3.87000+0.25
Bulk Density (g/cm®) 0.22000
Surface area (m°/g) 810

93.83000+0.32 86.53000+0.29
81.70000+0.20 74.57000+0.21
2.77000+0.15
0.32000
920 880 830

88.20000+0.17 90.97000+0.31
76.17000+0.15 79.17000+0.15
3.80000+0.79  3.23000+0.25
0.31000 0.28000

Mean * Standard Deviation.
Source: Authors

FTIR spectroscopy analysis of adsorbents

The Fourier Transform Infrared (FTIR) spectra of the
chemically activated carbons, recorded between 4000
and 400 cm™ are as shown in Figure 3. Varying
absorption peaks were displayed on the spectra of the
activated carbons, suggesting the presence of active
functional groups that will increase the removal of HM
from PW (Popoola et al., 2022). In this study, all activated
carbons revealed common board peaks from 1628.21 to
1637.94 cm™ corresponding to the C=0 stretch of amine
(Ekpete et al., 2017). The defined peaks ranging from
3833.98 to 3885.29 cm™® were assigned to the O—-H
stretch of alcohol. This range is similar to values
previously reported for activated carbons from banana
waste (Sugumaran et al., 2012). The presence of the
hydroxyl (OH) group observed in all the activated carbons
has been reported to be important for the adsorption of
metals (Ramutshatsha-Makhwedzha et al., 2022). The
bands observed around 1053 and 1080 cm™ can be
associated with C-O stretching vibrations of carboxylic
groups. Similar FTIR spectra were observed for the
different activating agents regardless of the carbonized
material. Sodium hydroxide impregnated activated
carbons had similar bands between the regions of 550
and 3500 cm™, while the bands between 500 and 2800
cm™® were similar for phosphoric acid impregnated
activated carbons. Additionally, the phosphoric acid
activated carbons displayed pronounced bands within the
region of 902.32 to 995.24 cm™ corresponding to the P-H
band of phosphine, which is absent when the activating
agent was sodium hydroxide.

Produced water treatment

Table 2 shows the adsorption of heavy metals; Zinc (Zn),
Nickel (Ni), Iron (Fe), and Copper (Cu) from produced
water using the prepared activated carbons. The PW
used in this study contained higher concentrations of

HMs than reported in recent studies from the Niger Delta
area of Nigeria (Udeagbara et al., 2021; Popoola et al.,
2022). The results obtained demonstrated the efficiency
of the bio-adsorbent in removing heavy metals. The
results revealed a substantial decrease of heavy metal
concentrations present in produced water after treatment
with the prepared activated carbons at varying contact
times. The pattern of removal efficiency of HM was 2 < 4
< 6 h, indicating the highest removal efficiency was
achieved at 6 h (Figure 4). This confirms that increasing
contact time improves the effectiveness of HM removal
by bio-adsorbents (Udeagbara et al., 2021). At 6 h,
higher Zn (86%) and Cu (88%) were removed via the
phosphoric acid impregnated LC activated carbon
compared to corresponding 9 and 85% for NaOH
impregnated BP activated carbon. Overall, CLCP was
most effective in the removal of all HMs compared with
the other activated carbons. Only Ni was completely
removed (100%) at 4 and 6 h using banana peel modified
activated carbon (MBP), thus demonstrating the high
adsorption capacity of Ni. Again, at 6 h, the most
adsorbed HMs by the bio-adsorbents were Cu,
corresponding to 61 to 88% removal, while the least was
Fe corresponding to 2 to 52% removal. While all the
prepared bio-adsorbents demonstrated effective removal
of Cu, only those prepared from LC adsorbed Fe better.
This confirms that locally prepared activated carbon has
a strong affinity to removing heavy metals from PW at
varying contact times (Popoola et al., 2022). At 6 h, the
modified and chemically activated carbons are better
adsorbents for Zn, Cu, and Ni when compared with non-
carbonized adsorbents prepared from similar materials
used in a related study (Udeagbara et al. 2021). All
metals in the treated PW except Fe were below the
guideline limits by the regulatory bodies (Table 2).

Analysis based on adsorption isotherms

To study the connection between adsorption capacity
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Figure 3. FTIR spectrum of adsorbents.
Source: Authors

(qe) and aqueous concentration (Ce) at equilibrium,
Langmuir's adsorption isotherm reported by Naseem et
al. (2019), Ramutshatsha-Makhwedzha et al. (2022) and
Freundlich’s adsorption isotherm stated by Rasmey et al.
(2018), Ramutshatsha-Makhwedzha et al. (2022) models
were deployed to fit the equilibrium data in this study.
Table 3 presents the correlation coefficient for the
adsorbents using the Langmuir and Freundlich isotherm
models. Results of the dimensionless equilibrium
parameter (R.) revealed that the sorption of Zn, Cu, Ni,

and Fe on the adsorbents is satisfactorily good as values
fall between the favorable range of O0<R,<l1. The
adsorption of Zinc by L. cylindrica (LC) favored multilayer
as agreed by Freundlich isotherm, while adsorption of
Zinc by Banana Peel (BP) favored monolayer as agreed
by Langmuir. Results also showed that the Langmuir
isotherm is good for the equilibrium study of the
adsorption of Copper by L. cylindrica and banana peel,
which suggests homogeneous treatment of the adsorbate
on the adsorbent surface for the Copper ion. Nickel and
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Table 2. Concentrations of metal (mg/L) in produced water before and after treatment.

Treatment Time Metal concentration (mg/L) Parameters
type (h) Zn Cu Ni Fe TDS TSS
Raw PW - 0.25800 0.14400 0.30000 3.60000

2 0.18800 0.06100 0.10800 3.28900 44.00000 50.00000
MLC 4 0.16500 0.05800 0.08300 2.76000

6 0.04800 0.04500 0.08200 1.72000

2 0.18100 0.03100 0.20000 3.00200 14.33000 36.40000
CLCP 4 0.05500 0.01900 0.17200 2.43800

6 0.03700 0.01700 0.13600 1.72500

2 0.20100 0.09300 0.28900 3.44200 14.00000 36.40000
CLCN 4 0.19900 0.09000 0.23800 3.36900

6 0.15400 0.04900 0.21100 3.05200

2 0.22100 0.03100 0.12500 3.43100 16.00000 38.80000
MBP 4 0.16200 0.02100 0.00000 3.44300

6 0.07500 0.02000 0.00000 3.43400

2 0.25800 0.07200 0.16400 3.48500 10.00000 87.60000
CBPP 4 0.24500 0.05800 0.11100 3.29600

6 0.23500 0.02100 0.08800 3.52200

2 0.25700 0.14000 0.26600 3.34000 13.33000 35.60000
CBPN 4 0.17100 0.11300 0.25200 3.33600

6 0.16800 0.05600 0.15200 3.33000 17.33000 39.20000
EGASPTITN* - 5.00000 1.00000 - 1.00000 <2000 30
USETlfTA - 0.02000 1.30000 0.30000 0.30000 <4.00000 1200
SDL - 1.00000 0.02000 0.03000 1.00000 - -

'EGASPIN (2018); "USEPA (2018) — United States Environmental Protection Agency;

"SDL — Standard disposal level.
Source: Udeagbara et al. (2021)

Iron give the Freundlich-type model a better result than
the Langmuir model, which gives an indication of
multilayer coverage of the adsorbate on the adsorbent
surface for the ions.

Conclusion

Modified and chemically activated carbons were prepared
from banana peel and L. cylindrica for the treatment of
produced water at different contact times. All prepared
activated carbons were characterized by large surface
area and the presence of active functional groups was
revealed on the FTIR spectra. The bio-adsorbents
showed improved surface area.

The efficiency of prepared activated carbons at varying
contact times, indicating the highest HMs removal was

achieved at 6 h (2 < 4 < 6 h). Overall, phosphoric acid
impregnated activated carbon of L. cylindrica was most
effective in the removal of all heavy metals compared
with the other activated carbons. Copper was the most
adsorbed heavy metal by the bio-adsorbents while the
least adsorbed was iron. While all the prepared bio-
adsorbents demonstrated effective removal of copper,
only those prepared from L. cylindrica adsorbed iron
better.

Results further showed that Langmuir isotherm gave
the best fit for Copper and Zinc, while Freundlich
isotherm gave the best fit for Iron and Nickel for L.
cylindrica while Freundlich isotherm gave the best fit for
Iron and Copper and Langmuir isotherm gave the best fit
for Nickel and Zinc for Banana Peel. Treatment of Niger
Delta oilfields PW was effectively improved with acid-
modified L. cylindrica activated carbon.
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Ni

CBPN

m4h
6h

Metal Adsorbent Langmuir , Freundlich ,
b RL R K¢ N R
MLC 0.00310 0.99920  0.95160 0.00110 -1.33941 0.97300
CLCP 0.00319 0.99918  0.99470 0.00120 -1.43123 0.97150
Zinc CLCN 0.00117 0.99970  0.99910 0.00008 -0.44719 0.99970
MBP 0.00138 0.99965  0.83900 0.00030 -0.73692 0.88140
CBPP 0.00006 0.99999 1.00000 6.28924E+43 0.01329 0.74300
CBPN 0.00002 1.00000  0.99910 2.25339E-11 -0.09296 0.99910
MLC 0.00288 0.99958  0.99910 0.00084 -1.74980 0.99870
CLCP 0.00496 0.99929  0.99980 0.00284 -5.05050 0.99760
Copper CLCN 0.00172 0.99975  0.99760 0.00027 -1.05030 0.99860
MBP 0.00485 0.99930 1.00000 0.00269 -4.66850 0.99500
CBPP 0.00318 0.99954  0.98280 0.00128 -2.44620 0.97250
CBPN 0.00014 0.99998  0.63590 1.22815E-06 -0.34430 0.78380
MLC 0.00696 0.99792 1.00000 0.00343 -2.16076 1.00000
CLCP 0.00276 0.99917 0.98000 0.00067 -0.79183 0.98470
Nickel CLCN 0.00015 0.99995  0.91660 1.22887E-07 -0.14576 0.94950
MBP 0.00875 0.99738 1.00000 0.00002 0.00875 1.00000
CBPP 0.00471 0.99859  0.99170 0.00185 -1.37627 0.98420
CBPN 0.00094 0.99972 0.92810 0.00007 -0.40515 0.98100
MLC 0.00004 0.99987 0.99980 1764264982 -0.04730 0.99990
CLCP 0.00037 0.99868  0.91660 193347568.4 -0.05130 0.98270
Iron CLCN 0.00098 0.99650  0.99990 50312.05553 -0.07950 1.00000
MBP 0.00890 0.96895  0.79350 0.40694 -0.39186 0.98200
CBPP 0.01591 0.94584  0.90810 0.29449 -0.50161 0.94520
CBPN 0.00133 0.99524  0.92250 1645.50071 -0.10156 0.90150

Source: Authors
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The prepared activated carbons have the ability to
effectively treat produced water contaminated with Cu,
Zn, and Ni. The efficiency of heavy metal removal
demonstrated in this study confirms that locally prepared
activated carbon enhanced with activating agents is an
environmentally sustainable method for the treatment of
produced water from the oil industry.

ABBREVIATIONS

AAS, Atomic absorption spectrophotometer; BP, banana
peel; CBP, carbonized banana peel; CBPN, sodium
hydroxide impregnated carbonized banana peel; CBPP,
phosphoric acid impregnated carbonized banana peel,
CLC, carbonized Luffa cylindrical; CLCN, sodium
hydroxide impregnated carbonized Luffa cylindrical,
CLCP, phosphoric acid impregnated carbonized Luffa
cylindrical; Cu, copper; cMAC, chemically modified
activated carbon; Fe, iron; FTIR, Fourier transform
infrared; HM, heavy metals; LC, Luffa cylindrical, MBP,
modified banana peel; MLC, modified Luffa cylindrical,
Ni, nickel; PW, produced water; TDS, total dissolved
solids; TSS, total suspended solids; UN, United Nations;
Zn, zinc.
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