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Fe304@Si0>@Zn0O nanocomposites
Mixing ratio

Antimicrobial

the wastewater from petroleum refineries have diverse health effects on human and aquatic species. In this work,
the sequestration of COD and BOD from petroleum refinery wastewater by Fe304@SiO2@ZnO nanoabsorbent
prepared at different mole ratios (1:1:1, 1:1:2, 1:2:1 and 2:1:1) was carried out via the batch adsorption method.
The nanomaterials synthesized by a combination of sol-gel and wet impregnation techniques were characterized
using FTIR, HRSEM, EDS, XPS, XRD, DLS and BET. The HRSEM result revealed a rod-like formation with little
spherical shapes on the surfaces regardless of the mixing ratios. Based on the XRD analysis SiO2 and ZnO
maintained their phases while that of Fe304 nanoparticles changed with respect to the mixing ratios. BET
analysis confirmed higher surface area for Fe304@SiO2@ZnO prepared with a mixing ratio of 1:2:1 (35.469 m?/
g) as compared to 24.918, 30.685, 15.751 m2/g obtained for other mixing ratios (1:1:1, 1:1:2 and 2:1:1). The
maximum removal efficiencies of COD and BOD at a contact time of 15 min, a dosage of 0.08 g, at 30 °C and a
stirring speed of 250 rpm were 98.19% and 92.19%. The adsorption of COD and BOD at different temperatures
using all the nanoadsorbent irrespective of the mixing ratios were endothermic in nature and Langmuir isotherm
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and pseudo-second-order kinetic model provided the best description of the experimental data, indicating the
chemical adsorption process. The regeneration studies after ten adsorption-desorption cycles indicated that the
adsorbent could successfully remove COD (51.06%) and BOD (45.56%). The Fe304/SiO2/Zn0O nanocomposites
(1:2:1) nanoparticles was found to exhibit the greatest antimicrobial activity with 29.50 mm zone of inhibition
against Salmonella typhi, 25.00 mm, 26.00 mm zone of inhibition obtained for Escherichia coli and Klebsiella
pneumoniae compared to others prepared with different mixing ratios. This study demonstrated that Fe304@-
Si0,@ZnO nanocomposites with a mixing ratio (1:2:1) possesses excellent adsorptive, antimicrobial and recy-

clability properties

1. Background to the study

The earnings accrue from the sales of crude oil and associated
products have impacted significantly on the standard of living in many
countries especially Nigeria because the country relies heavily on
petrochemical sector for her revenue [1]. However, the conversion of
crude oil to useful products such as gasoline, diesel, and lubricating oils
often lead to generation of a large volume of wastewater that contains
diverse organic and inorganic constituents such as toluene, phenols,
benzene, ethylbenzene, xylene, vanadium, iron, cadmium, nickel, sele-
nium, chromium, copper, zinc, molybdenum and cyanide, sulfur diox-
ide, nitrogen oxides and hydrogen sulfate [2,3]. These pollutants
particularly BTEX compounds (Benzene, Toluene and Ethyl benzene,
Xylene) are non-biodegradable and their presence either at low or high
concentration in petroleum wastewater have been reported by re-
searchers [4]. For instance, exposure to benzene and ethylbenzene has
been associated with hematopoietic cancers and leukemia [5]. Xylene
and toluene are not cancerous, however long term exposure even at low
concentrations can have negative impacts on the reproductive system
[6]. In addition, Liu et al. [7] found that xylene at high concentrations
could metabolized in the liver via oxidation of methyl groups, and
damage the liver. Short and long-term exposure to toluene by both an-
imals and humans often results in distortion of the central nervous
system, inflammation of upper respiratory system, dizziness, sore throat
amongst [8]. Phenol and phenolic compounds are also common occur-
ring pollutants in petrochemical industries. Phenol is highly toxic to
human beings and the environment; however difficult to remove from
wastewater due to its non-biodegradable nature [9]. According to re-
ports, phenol is extremely known to be unpleasant to human mucous
membranes, eyes and skin depending on length of exposures [10].
Exposure to low or high concentrations of phenols can lead to a dark
coloration of the urine, anorexia, salivation, diarrheal, vertigo and
progressive weight loss [11]. Even though, these pollutants exist at very
low concentrations, concerns about their effect on humans, animals, and
even aquatic life have continued to grow. The amount of these pollutants
particularly the organic types in the petroleum refinery wastewater can
be measured by determining the indicator parameters such as COD and
BOD. Studies have shown that aquatic life may be at greater risk due to
high levels of COD and BOD in the wastewater [12]. Therefore, the
concentration of COD and BOD in petroleum wastewater must be
reduced to a permissible level before being released into various water
bodies.

Most of the reported conventional available methods such as coag-
ulation, flocculation, reverse osmosis, ultrafiltration, electrocoagulation
and electro dialysis currently used for the reduction of organic pollut-
ants from petroleum refinery wastewater have several disadvantages
such as complexity in terms of design, longer treatment times and
involvement of higher operational costs [13]. Hence, it is necessary to
develop an alternate economical, sustainable, and environmentally
friendly method for the removal of COD and BOD. Due to its high
effectiveness, relative safety, and simplicity, the adsorption technology
platform with nanotechnology has been recognized as a viable alterna-
tive for the removal of harmful and highly recalcitrant pollutants from
petroleum refinery wastewater [14]. Researchers have employed several
nanodsorbents to remove inorganic and organic pollutants in

wastewater [15]. The use of single metal oxide nanoparticles such as
ZnO, TiOg, MgO, Fe304, SiO9, and ZrO; as either adsorbent or photo-
catalyst for the elimination of complex organic and inorganic com-
pounds is very popular. However, the problems of agglomeration, poor
separation after usage, non-recyclability and low efficiency limit their
use for industrial application [16]. For instance, Shaba et al. [17] and
Shaba et al. [18] reported the synthesis of ZnO, SiO, and Fe3O4 nano-
particles and there still exist some limitations to the reusability of the
individual nanoadsorbent after the adsorption process, making the
process costly [19].

In order to overcome some of the difficulties associated with the use
of individual nanoparticles researchers now focus on the development of
nanocomposites including bimetallic and ternary nanocomposites,
which are multifunctional in nature with better advantages of high
surface area and enhanced functional groups compared to the single
nanoadsorbent. For instance, Fe304 @SiO2 @ZnO nanocomposite had
been synthesized and employed as a photocatalyst by various scientists
including Kiziltas et al. [20]. The authors reported that within 120 min,
the Fe3O04 @SiO2 @ZnO composite completely degraded acid blue 161
(100%), whereas ZnO nanoparticles alone only achieved 70.9%
decomposition efficiency. The findings demonstrated that the photo-
catalytic properties were significantly improved by the modification of
ZnO with SiO5 and ZnO nanoparticles respectively. Additionally, Fe304
@SiO2 @ZnO photocatalyst successfully removed methylene blue (MB)
within 90 min under UV light exposure and the material could be used to
achieve four consecutive cycles [21].

The review of the literature also shows that there is limited infor-
mation on the use of nanocomposites to treat real petrochemical
wastewater. The use of real petroleum wastewater is very important
because simulated wastewater contains only pure pollutant while real
wastewater have different pollutants generated by the industry. To the
best of our knowledge, there is paucity of information on the synthesis of
FesOs4 @SiO2 @ZnO nanoadsorbent using wet impregnation method
involving variation of molar ratios for the treatment of petrochemical
wastewater. Thus, this present work is designed to study the effect of
mixing ratios of Fes04 @SiO2 @ZnO nanocomposite on the removal of
COD and BOD using real industrial wastewater for the first time. The
influence of nanoadsorbent dosage, contact time, and temperature on
the elimination of COD and BOD was studied via the batch adsorption
process. The data from the experiment was subjected to various isotherm
and kinetics models and thermodynamics studies. Additionally, the
antimicrobial and antioxidant properties of the Fe3O4 @SiO2 @ZnO
nanocomposites at different ratios were evaluated. Regeneration and
recyclability potentials of Fe3s04 @SiO2 @ZnO nanoadsorbents prepared
at different molar ratios were studied to determine the stability and the
economic feasibility of the removal process.

2. Materials and methods
2.1. Materials
2.1.1. List of Chemicals
Ferrous ammonium sulfate (99%), Ammonium iron (II) sulfate

(98%), Manganese (II) tetraoxosulphate(97%), Sodium thiosulphate
(95%), Iron (III) chloride tetrahydrate (98%), were supplied by Sigma
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Aldrich. While potassium iodide (98%), nitric acid (98%) and zinc ni-
trate hexahydrate (98%), hydrogen tetraoxosulphate (vi) acid (96%)
were by Merck while potassium dichromate (98%), sodium borohydride
(97%), sodium hydroxide (95%), polyvinylpyrrolidone (99%) by BDH
Chemicals.

2.1.2. Collection of petroleum wastewater

The wastewater was collected from the Kaduna refinery, Kaduna
State, Nigeria in January 8th 2018. The refinery is located in the
Southern part of Kaduna metropolis between latitude 10° North and
longitude 7° East. While kaolin was collected from Pati Shabakolo in
Niger State, Nigeria.

2.2. Methods

2.2.1. Synthesis of FesO4 nanoparticles

The process of wet chemical reduction was used for the synthesis of
Fe304 nanoparticles. In the case, a 250 cm?® beaker was filled with 15
cm? of 2.5 M sodium borohydride (NaBH,) solution, followed by drop-
by-drop addition of 50 cm® of 0.1 M ferric chloride hexahydrate solu-
tion under vigorous stirred. Thereafter, Ferric chloride solution was
added gradually, making the final mixture darker and later completely
black. The addition of full ferric chloride resulted in the production of
black precipitates in less than one minute. Bubbles began to form as the
reaction progressed. Once the creation of bubbles stopped, the reaction
was assumed to have completed, the mixture was filtered, and the Fe3O4
nanoparticles produced were repeatedly washed with 100% methanol,
distilled water, and later dried at 100 °C for 12 h in the oven.

2.2.2. Beneficiation and metakaolinization of Pati Kaolin

The raw kaolin was pounded and crushed and then impregnated in
water at a fixed ratio of 0.1 g/L overnight to remove impurities. After
three hours of stirring, the kaolin/water combination was allowed to
settle and, the supernatant water was poured off. The kaolin was dried at
100 °C for 12 h in the oven and then weighed. The process of converting
natural clay (Kaolin) into meta-kaolin (MK) involves crushing 50 g of
kaolin, sieving (80 um), and then calcination at 800 °C for 4 h in the
furnace.

2.2.3. Synthesis of SiO2 nanoparticles from metakaolin

Approximately 50 g of the metakaolin was weighed into 250 cm®
followed by addition of 50 em® of 2 M NaOH solution. The mixture was
stirred and allowed to age for 3 h and later calcined in a furnace at
500 °C for 2 h. The resulting mixture was slowly washed with distilled
water, to yield a sodium silicate solution as the filtrate. The sodium
silicate produced was later used for the production of SiO, nanoparticles
through addition of 30 cm® of 2 M HCI solution and subsequently
agitated until a gel-like solution was obtained. The gel was later filtered
and then washed severally with distilled water, and the solid residue was
oven dried overnight at 100 °C. and later calcined at 450 °C for 2 h.

2.2.4. Synthesis of ZnO nanoparticles

ZnO nanoparticles were synthesized via a sol-gel approach. In this
method, 50 cm® of 0.5 M zinc nitrate hexahydrate solution was
measured into 250 cm® beaker. The solution was placed on a magnetic
stirrer and toughly stirred for 15 min after which 2 M sodium hydroxide
solution was added drop by drop followed by addition of 5 cm® of 10%
Polyvinylpyrrolidone (PVP) solution was added to the same mixture as
the structural directing agent until a white gel precipitate was obtained.
Thereafter, the gel-like solution was filtered and carefully washed with
deionized water to remove unreacted residue species until pH of 7 was
achieved. The washed sample was dried in an oven at 100 °C for 2 h and
the resultant product was then calcined at 450 °C for 5h [17].

2.2.5. Synthesis of Fes04@SiO>@Zn0O nanocomposites
The wet impregnation method described by [18] was employed for
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the synthesis of FesO4 @SiOy @ZnO nanocomposite. The mixing of
Fe304, SiO,, and ZnO nanoparticles at different ratios is in Table 1.
Then, distilled water was added, the mixture was mixed for 30 min, and
allowed to age for 24 h followed by drying in the oven for 2 h at 100 °C.
The final product was later calcined at 450 °C for 2 h.

2.2.6. Characterization of the Fe30,@SiO2@Zn0O nanocomposite

With the use of CuK a-radiation, an X-ray diffraction (XRD) appa-
ratus (XRD-60000) was utilized to examine the crystallite size and
crystal phase of the synthesized Fe304 @SiO2 @ZnO nanocomposites. X-
ray photoelectron spectroscope (XPS, XPSHI 5400, AIK (hv =1350 eV)
was used for the surface oxidation states of the elements therein the
samples. The elemental composition and surface morphology of Fe304
@Si02 @ZnO nanocomposites were analyzed using HRSEM/Energy
dispersed x-ray spectroscopy (EDS); Zeiss Auriga, SCO teen, Germany.
The functional groups present in Fes04 @SiO2 @ZnO nanocomposites
were determined using FTIR Perkin Elmer 4000. Micrometric analyzer
NOVA 4200e BET equipment was used for the determination of the
textural properties of the nanocomposite.

2.2.7. Determination of dissolved oxygen

The level of dissolved oxygen (DO) in petroleum refinery wastewater
was measured using Winkler’s method. Wastewater from the refinery
was collected in BOD bottles, then treated with 2.0 cm?® manganese (II)
tetraoxosulphate (VI) (MnSO4) and 2.0 cm® potassium iodide (KI). The
bottles were then filled to the mark with 250 cm® of petroleum waste-
water. The mixture was properly mixed, corked, and allowed to pre-
cipitate for a while before allowed to settle. After the dissolution of the
precipitate, 2.0 cm® of concentrated hydrogen tetraoxosulphate (VI)
acid (H2SO4) was added. Starch indicator was used and 203 cm® of
wastewater was measured into a conical flask and titrated against 0.025
mol/dm? sodium thiosulphate. The change from blue to colourless was
noticed [22]. The level of DO in the petroleum refinery wastewater was
calculated according to Eq. 1.

mg,  0.08x1000x(0.025M x Vol.of odium thiosulphate

DO—=) = 1
Odm3) 203 )

2.2.8. Determination of biological oxygen demand

A known volume (50 cm®) of petroleum refinery wastewater was
tested for dissolved oxygen (DO) on the first day, and the DO on the fifth
day was reported [23]. The same procedure was used for the blank, and
Eq. 2 was used to determine the BOD level.

(D, — D) — (B, — B,)x100
%dilution

mg
BOD(——) =
(G

(2

Where B; and By are the DO of the blank before incubation and after
incubation (mg/dm®) respectively. D; and D are the DO of the petro-
leum wastewater before incubation and after incubation (mg/dm?).

2.2.9. Determination of chemical oxygen demand (COD)

The dichromate method developed by the American Public Health
Association was used to determine the COD level of the collected
wastewater [23]. 25 cm® of the wastewater was measured into a
250 cm® beaker followed by the addition of two drops of ferrous sulfate
indicator. This was then titrated against ferrous ammonium sulfate as
the titrant in the burette. As shown in Eq. (3), during the titration, the

Table 1
Experimental runs for Ternary hybrid Fe304 @SiO, @ZnO Nanocomposites.
S/No ZnO Fe304 Si0,
1 1 1 1
2 2 1 1
3 1 2 1
4 1 1 2
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2H) rapidly interacted with the Cr®" in the wastewater to

3+):

titrant (Fe
produce Cr®" and ferric ion (Fe

3Fe’ + O > 3Fe’ + ot 3

The total amount of Cr®" that reduced during the digestion was
calculated by subtracting the final hexavalent chromium level from the
starting value before titration. Equation 4 was utilized to get the COD
using this difference.

(A —B) x N x 8000
volume of sample

4

Where.

A = volume (cm®) of FeS04(HN4),S04.(HO2)used for the titration of
the blank.

B = volume (cm®) of FeSO4 (HN4)4S04.(HO2 )used for the titration of
the wastewater,

N is the normality of FeSO4(HN4),SO4.(HO2) [23].

2.2.10. Determination of organic carbon content

Concentration of COD and BOD desobed by

Percentage Desorption =
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M = mass of Fe304 @SiO2 @ZnO nanoadsorbents used for the adsorp-
tion of COD and BOD, and Cf and C;, are the final concentration and
initial concentration of COD and BOD in the petroleum refinery waste-
water at time zero and t (g/L).

2.2.12. Desorption and regeneration studies

In the desorption studies, 0.5 g of the adsorbents (Fe3O4 @SiO5
@ZnO nanoadsorbent at different ratios) were weighed into four
different Erlenmeyer’s Flask (250 cm®) capacity containing 20 cm® of
0.025, 0.08, and 0.1 moldm 3 HNOg3, the solution was placed on an
orbital magnetic shaker and stirred for 15 min at speed of 100 rpm at
30 °C. After 15 min, the nanoadsorbent was separate from the aqueous
solution using Whatman filter paper No 4. Eq. 8 was used to determine
the percentage of COD and BOD desorbed from the surface of the
nanocomposite. To examine the regeneration potentials of each of the
nanoadsorbent, 0.1 moldm ™3 concentration of HNO; was used as a
desorbing agent to remove the pollutants from the surface of the
nanocomposites. The adsorption procedure was then repeated using the
regenerated adsorbent.

NHO2

initial

A known volume of the refinery wastewater (25 cm®) and 10.0 cm®
of 0.5 M K5Cr,07 solution was measured into 250 cm® conical flask.
Then, 20.0 cm® of concentrated H,SO4 was added to the final mixture
and vigorously mixed before left for 30 min to cool. After adding
100 cm?® of distilled water, ferroin indicator drops, and ammonium iron
(I) sulphate solution, the mixture was titrated until the colour turned
maroon. The amount of organic carbon (%) was calculated using Eq. 5,

(B — S)X0.4N X0.003X100X F

%Organic Carbon =
©Organic Carbon Mass of the sample

(5)

Where B (28.1) = constant,
S = Titre value.
N = normality.
F = constant (1.33).

2.2.11. Batch adsorption experiment for the removal of COD and BOD

Erlenmeyer flasks (250 cm®) capacities were used for different batch
experiment. During the study, the effects of contact time (1, 5, 10, 15, 20
and 25 min), adsorbent dosage (0.02, 0.04, 0.06, 0.08, 0.1 to 0.12 g/
50 cm3), and reaction temperature (30, 40, 50, 60, 70 and 80 °C) on the
elimination of COD and BOD from the petroleum refinery wastewater
were examined. Except for those adsorption experiments where the in-
fluence of temperature was studied, all experiments were conducted at
35 °C. Each flask was set up on a magnetic shaker that rotated at
250 rpm. After the interaction between the adsorbent and the petroleum
refinery wastewater, the flasks were taken out of the magnetic shaker,
and the liquids and nanoadsorbents were separated (using Whatman
filter paper 4). The level of COD and BOD in the filterate after the
interaction between the adsorbents and the petroleum refinery waste-
water was then determined. The percentage removal of COD and BOD
and the adsorption capacity were estimated using Egs. (6) and (7),

Percentage(%)Removal = (%) x 100 (6)
t
G -CHXV
m

where V = volume of petroleum wastewater used for the adsorption (L),

X100 ®

concentration of COD and BOD adsobed on...

2.2.13. Antimicrobial susceptibility test

The antimicrobial activity of Fe3s04 @SiO; @ZnO nanocomposite
prepared at the mixing ratios of 1:1:1, 1:1:2 and 1:2:1 and 2:1:1 on the
E. coli, Klebsiella pneumonia and Salmonella typhi were determined at
different concentrations of the nanocomposites using Agar diffusion
method [24]. This procedure involved making nutrient-rich agar me-
dium, pouring it into Petri dishes, and then correctly labeling each dish.
Five evenly spaced holes were drilled on the surface of the agar medium
using a sterile cork borer (4 mm). The pores were filled with different
concentrations of the nanocomposite (20, 40, 60, 80, and 100 mg/ml),
which were then injected with E. coli, Salmonella typhi, and Klebsiella
pneumoniae, respectively, and allowed to fully diffuse at room temper-
ature. The plates were incubated for 24 h at 37 °C. The radial growth
was subsequently examined after incubation and a millimeter ruler was
used to measure the zones of inhibition that each bacterial strain
exhibited. The experiment was repeated three times and the average
results were recorded.

2.3. Data analysis

2.3.1. Adsorption isotherm

Different adsorption isotherms such as Freundlich, Langmuir, Tem-
kin and Dubinin-radushkevich (D-R) isotherm were utilized to study the
mechanisms of the adsorption between the pollutants and the nano-
composite prepared at different mixing ratios.

Table 2
The Influence of Langmuir isotherm values on Separa-
tion Factor (RL) values.

R, Adsorption’s nature
Ry <1 Irreversible

Ry >1 Unfavourable

Rp=1 Linear

Rp=0 Favourable
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2.3.1.1. Langmuir isotherm. Based on the Langmuir isotherm model,
pollutants were adsorbed onto the monolayer of the nanoadsorbent
surfaces where the adsorbent surface exhibited identical affinity for the
adsorbate. The equation for the Langmuir isotherm model is shown in
Eq. 9. The nature of the adsorption process in the Langmuir isotherm
model is usually established using a non-dimensional constant (Ry) (see
Eq. 10). The effect of Ry, values on Langmuir isotherm is expressed in
Table 2.

C. 1 C.
+

. ©)]
4 KL G

Where K; = constant for Langmuir Ce (mg/L) =equilibrium
concentration.

ge =amount of COD and BOD adsorbed at equilibrium while qm
(mg/L) =adsorption maximum.

1

R=—
LT1+K.C

(10)

2.3.1.2. Freundlich adsorption isotherm. According to the Freundlich
adsorption isotherm, reactions between adsorbed molecules occur in a
heterogeneous distribution of active sites. Eq. (11) represents the
isotherm formula for the Freundlich model. The Freundlich isotherm
was utilized to evaluate the nature of the adsorption between the
nanocomposite and COD and BOD removal using the n value, as shown
in Table 3.

1
logq = logK; +HlogC 1D

Where ge (mg/g) = amount of COD and BOD removed at equilibrium.
Ce (mg/L) = equilibrium concentration of the COD and BOD
removed from the petroleum wastewater.
KF = adsorption isotherm constant for Freundlich.
1/n = intensity of Freundlich.

2.3.1.3. Temkin isotherm. Temkin assumes that the interaction causes
the heat of adsorption of the molecules in the adsorbed layer to decrease
linearly with molecule coverage rather than in a logarithmic manner.
This indicates that as the coverage of the adsorbed layer rise, the heat of
adsorption decreased. Eq. (12) displays the formula for the Temkin
isotherm.

q. = RT InKr + glnCe (12)

b b

where ge (mg/g) = amount of COD and BOD adsorbed, Ce ((mg/L)
= equilibrium concentration of the BOD and COD, Kt (L/mg) is the
constant related to the Temkin isotherm.

2.3.1.4. Dubinin-radushkevich (D-R) isotherm. The results were sub-
jected to D-R isotherm, which assumes that the adsorption process
occurred on both homogeneous and heterogeneous surfaces, to deter-
mine whether the adsorption process is chemical or physical adsorption.
The equation for D-R isotherm is expressed in Eq. (13).

Ing, = Inq,, — K, po (13)

¢ is Polanyi potential, kp is a constant related to the adsorption en-
ergy, qe is the equilibrium concentration.

Table 3

The Effect of n values on Freundlich isotherm n value.
Nature of Adsorption n-Value
Linear n=1
Chemical adsorption n>1

Physical adsorption n<1
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2.3.2. Kinetic model

Experimental data was subjected to a variety of kinetic models,
including the Pseudo first order, pseudo-second order, elovich model,
and intraparticle diffusion model, to determine the adsorption mecha-
nism process of COD and BOD removal onto Fe304s @SiO; @ZnO
nanoadsorbent.

2.3.2.1. Pseudo first order (PFO). The PFO model was used to examine
the adsorptive removal of COD and BOD from the petroleum refinery
wastewater using Fe304 @SiO; @ZnO nanoadsorbent. The PFO kinetic
model presupposes that no interaction exists between the adsorbed ions
and that all adsorption takes place on isolated sites. Eq. (14) presents the
PFO equation.

— K]
log(¢. — ) = log(q.) — 5= a4
where, g, and g; (mg/g) are the amount of COD and BOD removed from
the petroleum refinery wastewater at equilibrium and time (t),
respectively.

K; (mg/g-min)is rate constant related to the PFO kinetic model.

2.3.2.2. Pseudo second order (PSO). If the rate of adsorption is a second-
order process, the PSO assummes that the adsorption between the metal
ions and the nanoadsorbent is chemisorption. The rate equation is
expressed in Eq. 15:

t 1 t

= +— (15)
4 kgt g

where, g, and ¢, (mg/g) are the amount of COD and BOD removed from
the petroleum refinery wastewater at equilibrium and time (t), respec-
tively. k2 is the rate constants related to PSO kinetic models.

2.3.2.3. Intraparticle particle diffusion (IPD). The intraparticle particle
diffusion, which is usually, considered pore diffusion in an adsorption
process, was used to determine if the adsorption of COD and BOD from
petroleum wastewater is IPD model controlled. The equation for the IPD
is shown in Eq. (16).

g =kt +C (16)

where qt = is the amount of removed COD and BOD (mg/g) at the time
(1), k (mg/g-min) and C are parameters related to the IPD model.

2.3.2.4. Elovich model. Elovich’s adsorption kinetics state that the
interaction between the pollutant and the nanoadsorbent is governed by
the chemisorption process and the Elovich kinetic model is provided in
Eq. 17.

1

qt= Bln(xB - éln(t) 17)

where qt = is the amount of removed COD and BOD (mng/g) at time (t), f§
(g/mg) =constant related to desorption which is associated to the
chemical adsorption while o (mg/ g minl) is constant related to
adsorption rate.

2.3.3. Thermodynamics studies

Fundamental thermodynamic functions utilized to determine the
spontaneity and feasibility of the adsorption process between the
nanoadsorbent and the target pollutants are shown in Egs. 18-20.

AG® = — RTInK, (18)
AH®  AS°

Ky = 0 1

=R RT a
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Fig. 1. HRSEM Micrographs of (a)Fe30, (b)SiO,, (c)ZnO, and Fe30, @SiO, @ZnO Nanocomposites with Mixing Ratio (d) 1:1:1 (e) 1:1:2, ()1:2:1 and (g) 2:1:1.

AG = AH —TAS (20)

Where (AG®, AH® and AS° are standard Gibb’s free energy, entropy and
standard enthalpy changes of reaction.

3. Results and discussion
3.1. HRSEM analysis of Fe304@SiO2@Zn0O nanocomposites and particle
size distribution

HRSEM was utilized to examine the surface morphology of the pure
Fe304, SiO2, ZnO and Feg04 @SiO2 @ZnO nanocomposite prepared at
different mixing ratios and their corresponding micrographs are dis-
played in Fig. 1. Additionally, the particle size distribution histogram for

Fe304 @SiOy @ZnO nanocomposite are presented in Fig.S2 (supple-
mentary data).

Fig. 1(a) shows the formation of agglomerated spherical shape while
Fig. 1(b) indicates compacted pyramidal shape morphology for pure
SiO while the pure ZnO have compacted spherical shape. Additionally,
after the formation of the Fe304 @SiO2 @ZnO nanocomposite in Fig. 1
(d), (e), (f) and (g) there was transformation from a spherical shape and
pyramid shape into a fused and highly compacted rod-like shape of the
Fe304 @SiO2 @ZnO nanocomposites regardless of the ratios of the pure
nanoparticles (Fe3O4, SiO2 and ZnO) used. Fig. 1(d), (e), and (g) show
that the Fe3O4 @SiO2 @ZnO nanocomposites produced at the ratios (d)
1:1:1 (e) 1:1:2 and (g) 2:1:1 of Fe30y4, SiO2 and ZnO nanoparticles were
more compacted and denser compared to the Fe3Os @SiOy @ZnO
composites produced at the mixing ratios of 1:2:1 (see Fig. 1(f)). The
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agglomeration may be due to the adherence of Fe3O4 and ZnO nano-
particles to one another by weak attractive forces resulting in (sub)
micron-sized entities. It has been reported that the agglomeration of
these nanoparticles reduces the chemical and mechanical characteristics
of nanocomposites during their application [25]. Additionally, the
agglomeration of the nanocomposites may be ascribed to the small
amount of SiO; in the composition of the Fe304 @SiOy @ZnO nano-
composites at the mixing ratio of 1:1:1, 1:1:1 and 2:1:1. This suggests
that the incorporation of high amount of SiO3 nanoparticles into the
lattice structure of Fe3O4 @ZnO nanocomposite could reduce the
agglomeration. This justifies that SiO, is a potential material that can be
used to solve the problem of agglomeration as usually associated with
nanoparticles when dispersed in an aqueous medium. Additionally, the
observed trend can be ascribed to the fact that SiO5 nanoparticles are not
very soluble in water and stable in both acidic and basic medium. Fritz et
al. [26] have also demonstrated that the incorporation of SiO3 nano-
particles onto graphene oxide increases the stability of the nano-
composites compared to the graphene oxide alone. To further
understand the morphology of the Fe304 @SiO; @ZnO nanocomposites
synthesized. HRSEM of lower magnifications are provided in the sup-
plementary data in Fig. S2 (a), (b), (¢) and (d) for the Fe304 @SiO4
@ZnO nanocomposites synthesized at the mixing ratio of (s1) 1:1:1 (s2)
1:1:2, (s3)1:2:1 and (s4) 2:1:1 respectively. The result also shows a
compacted rod-like shape in groups except for the Fe304 @SiO2 @ZnO
nanocomposites prepared 1:1:1 (s1) and 1:2:1(s3) that were not isolated
from each other. Additionally, the Fe304 @SiO2 @ZnO nanocomposites
prepared at 1:1:1 (s1) was more agglomerated compared to the Fe3O4
@Si02 @ZnO nanocomposites prepared at 1:2:1 (s1). This result also
confirmed the earlier conclusion that the Fe304 @SiO; @ZnO nano-
composites prepared at 1:2:1 is less agglomerated compared to the other
ratio.

The statistical distributions of Fe3s04 @SiO2 @ZnO nanocomposite
with mixing ratio (a) 1:1:1 (b) 1:1:2, (c) 1:2:1 and (d) 2:1:1 derived from
the HRSEM images are shown in Fig. S2. The mean particle size distri-
bution is visible and estimated to be 95, 100, 77 and 104 nm for the
Fe304 @SiO; @ZnO nanocomposites prepared at (a) 1:1:1 (b) 1:1:2, (¢)
1:2:1 and (d) 2:1:1 respectively. This result is in agreement with the XRD
result in Section 3.3.

3.2. EDS analysis of ternary Fe3O4, SiO2, ZnO and Fe304@SiO2@Zn0O
nanocomposites

EDS was used to analyze the Fe3O4, SiOg, ZnO and Fe304 @SiOy
@ZnO nanocomposite for the elemental composition, and the results are
shown in Fig.S3 (supplementary data).

Fig.S3 reveals that the dominant elements in the ternary metallic
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Fig. 2. XRD Patterns of Fe304 @SiO», @ZnO Nanocomposites prepared at (a)
Fe304, (b)SiOy, (¢)ZnO (d) 1:1:1 (e) 1:1:2, (f) 1:2:1 and (g) 2:1:1.
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oxide composites were Fe, Si, Zn, and O while Na was detected as im-
purities. Na emanated from the sodium hydroxide used for the produc-
tion of the nanoparticles. According to Fig. S3, the percentage
concentration of Fe was 48.94%, 13.33%, 16.03%, 50.55%; Si was
0.35%, 21.86%, 0.44%, 0.52%; Zn was 20.30%, 16.27%, 64.74%, 7.80%
while O was quantified to be 30.34%, 45.77%, 18.77%, 41.13% for
Fe304 @SiO; @ZnO with mixing ratio (d) 1:1:1 (e) 1:2:1, (f) 1:1:2 and
(g) 2:1:1 respectively.

3.3. XRD analysis of ternary Fes04@SiO2@ ZnO nanocomposites

XRD was utilized to investigate the crystallographic structure of
Fe304, SiO2, ZnO and the Fe304 @SiO2 @ZnO nanocomposites prepared
at different mixing ratios, and the corresponding result is given in Fig. 2.

Fig. 2(a) displays the XRD spectra of pure and Fe304 nanoparticles.
The diffraction peaks, which correspond to the miller indices of (220),
(311), (222), (400), (422), (511), (440), (531) and (622), were observed
at 2 thetha values of 27.43°, 31.65°, 35.42°, 45.51°, 54.01°, 56.44°,
62.66° and 75.28°. This matches to the face-centered cubic phase of
Fe304 nanoparticles (JCP2_19-0629). The crystallite size was calculated
to be 26.36 nm using Debye Scherrer’s equation (see Eq. 18). Fig. 2(b)
displays the XRD patterns of the synthesised SiOy nanoparticles. The
synthesized SiO, nanoparticles diffractograms (Fig. 2(b)) show that the
crystal planes of [100], [101], [110], [012], [111], [200], [021], [112],
[202], [103], [211], [113], [212], [301] and [014] are correspondingly
allocated to the diffractogram peaks at 26 = 20, 26, 36, 39, 40, 42.39°,
45.71°, 50, 54, 55, 59, 63, 67, 68, and 73°. The diffraction peaks under
analysis demonstrated a good agreement with the conventional cristo-
balite phase of SiO, nanoparticles (JCP2_39-1425), indicating that the
crystallographic system was tetragonal in shape. Furthermore, the
absence of the other peaks indicates that the SiO, nanoparticles syn-
thesized is pure and devoid of impurities. This finding is a confirmation
that SiO, nanoparticles can be synthesized from a locally available
kaolin.

As seen in Fig. 2(c), the XRD diffraction pattern has nine peaks,
appearing at various 2 thetha values. These correspond to ZnO nano-
particles with hexagonal wurtzite phase (JCPDS Card No. 01-089-
0510). The Zn atoms occupy half of the tetrahedral sites and O atoms are
organized in a hexagonal close-packed form in ZnO crystallizes in the
wurtzite structure. Since the atoms of Zn and O are tetrahedrally coor-
dinated, their positions are equal. All octahedral and half of the tetra-
hedral sites are unoccupied, indicating that the zinc structure is open.

Fig. 2(d), (e), (f) and (g) displays the XRD patterns of Fe304 @SiO4
@ZnO nanocomposites with peaks at 20 values of 21.14°, 26.96°,
37.05°, 39.91°, 40.82°, 43.05°, 46.42°, 50.77°, 55.59°, 55.95°, 60.83°,
64.83°, 66.78°, and 68.71°, corresponding to the miller planes of (100),
(011), (110), (102), (111), (200), (021), (112), (202), (013), (121),
(113), (300), and (212). These match well with the hexagonal cristo-
balite of SiOy (JCP2_39-1425). This suggests the stability and domi-
nance of the SiO5 nanoparticles after the incorporation of ZnO and Fe3O4
nanoparticles. In addition, the 20 values of 31.77°, 34.42°, 36.25°,
47.53°, 56.60°, 62.86°, 67.96°, and 72.562°; correspond to (100), (002),
(101), (102), (110), (103), (112), and (004) plane of the hexagonal
wurtzite structure of ZnO nanoparticles, suggesting the existence of the
ZnO phase after the development of the nanocomposite
(JCP2-36 —1451). The 26 values are similar to the 26 values reported by
[25] after the formation of Fe304 @ZnO@C nanocomposites. However,
the 26 values corresponding to the ZnO nanoparticles in Fe304 @SiO»
@ZnO nanocomposites shifted to a higher diffraction peak (26)
compared to the XRD result of the pure ZnO nanoparticles reported by
[18]. The shift in the 26 values to a higher diffraction peak suggests a
decrease in crystallite size after the formation of the Fe3O4 @SiO;
@ZnOnanocomposites due to the micro-strain and distortion of the
crystal structure causing changes in the diffraction patterns [27]. The
shift to a higher diffraction peak may be linked to the diffusion of the
elements with a smaller atomic radius into the lattice structure of the
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other elements [28].

There are no peaks related to Fe3O4 nanoparticles from the XRD
results due to the absorption, shielding effects, or magnetic properties of
Fe304. A related finding has been reported by Jusin et al. [29] who
synthesized graphene-based magnetic at Fe@RGO (1:1) and Fe@RGO
(1:4) ratios. The authors reported complete disappearance of peaks
corresponding to magnetic nanoparticles. Taufiq et al. [30] also reported
the disappearance of peaks corresponding to Fe3Oy4 in Silica-magnetite
composites. However, Ghasemy-Piranloo et al. [31] synthesized Fe304
@Si02 @ZnO nanocomposite material with cubic magnetic cores and
reported the disappearance of the peaks corresponding to the SiOy
nanoparticles. The presence or absence of any peak of interest may be
ascribed to the quantity of Fe3O4 or SiO, nanoparticles in the composite
matrix.

Fig. 2(g) 2:1:1 displays highly intense diffraction peaks compared
with Fig. 2(d) 1:1:1, (e) 1:1:2 and (f) 1:2:1, due to the high dosage of
SiOs in the composites. Similarly, the higher-intensity peaks observed in
Fig. 2(g) at 20 value of 37.05° (101) plane relative to Fig. 2(d), (e) and (f)
may be ascribed to high dosage of Fe30,4 nanoparticles in the composites
of Fe304 @SiO2 @ZnO, signifying an increase in the degree of crystal-
linity. This phenomenon may be linked to a higher ionic radius of Fe?*
(0.76 [o\) than the ionic radius of Zn?** (0.74 f\), leading to compression
strain and ultimately increasing the unit cell of the ZnO nanoparticles
when compared to the pure ZnO nanoparticle [32]. The shift in the 20
value to high diffraction peaks may also be linked to the changes in
stoichiometric composition by doping [33].

Debye Scherrer’s equation (see Eq. 21) was used to estimate the
average crystallite sizes of Feg04 @SiO2 @ZnO nanocomposites and the
average crystallite size was established to be equal to 10.10 nm, 8.84 nm
7.66 nm and 12.40 nm for material with mixing ratios (d) 1:1:1 (e) 1:1:2
() 1:2:1, and (g) 2:1:1 respectively. This suggests that the crystallite size
of ternary Fe3O4 @SiO» @ZnO nanocomposites prepared at a 1:2:1
mixing ratio was the smallest and are expected to have higher surface
area and be a potential adsorbent for the elimination of COD and BOD
from petroleum wastewater than others

kA

b= pcosf @D

where D = crystallite size of the Fes04 @SiO2 @ZnO nanocomposites
B = Full width at half maximum (FWHM) of the diffraction plane, k = is
constant (0.9) and A = wavelength (1.54 }0\).

3.4. Dynamic light scattering (DLS) analysis of individual Fes04, SiO2,
and ZnO nanoparticles and ternary Fe304@Si0O2@Zn0O nanocomposites
prepared at different mixing ratios

To determine the average size of the Fe3Oy4, SiO3, and ZnO nano-
particles and ternary FesO4 @SiO2gZnO nanocomposite prepared at
different mixing ratios, Dynamic light scattering (DLS) technique were
used and the results are presented in Fig. S4 (supplementary data).

The average particle size of (a) Fe3Oy, (b) SiO9, and (¢) ZnO in Fig. S4
were found to be 94.59, 80. 10 and 76.80 nm, which indicates a greater
agglomerated region and poor dispersion in the liquid medium
compared to the result of the DLS of 48.70, 37.60, 43.15 and 65.07 nm
obtained for the Fes04; @SiO2@ZnO prepared at mixing ratios (d)
(1:1:1), (e) (1:1:2), (f) 1:2:1 and (g) 2:1:1 respectively. This result
corroborated the HRSEM/ XRD results. The high value obtained for the
DLS for the FesO4 @SiO2/ZnO prepared at (2:1:1) compared to the
values of Fe304 @SiO2@ZnO prepared at (d) (1:1:1),( e) (1:1:2) and (f)
1:2:1, may be due to the high agglomeration of Fe304 @SiO2Zn0O
prepared at mixing ratio (2:1:1). This is also because DLS measures the
entire size of the agglomerated structures as if they were a single
molecule.
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3.5. BET analysis of ternary FesO4@SiO2@ZnO Nanocomposites

Fe304 @SiO2 @ZnO nanocomposite textural properties (surface
area, pore volume and pore diameter) were determined using the BET
method; and the results are presented in Fig. S5 (supplementary data).
The adsorption isotherm is divided into Types I, II, III, and IV according
to IUPAC classification. All the four samples in Fig. S5 (al) 1:1:1, (b1)
1:1:2, (c1) 1:2:1, and (d1) 2:1:1) exhibited Type IV isotherm which
correspond to a mesoporous material, according to the IUPAC. The
hysteresis loops occurred at a relative pressure of 0.8-1.5, as shown in
Fig. S5(a) with a mixing ratio of 1:1:1. Fig. S5 (b) 1:1:2 measured have a
relative pressure of 0.68-1.8. Hysteresis loops for (c) 1:2:1 were
captured in the relative pressure range of 0.5-0.98. Hysteresis loops for
(c) 1:2:1 were captured in the relative pressure range of 0.5-0.98. The
results indicate that as the relative pressure increases, the volume of
nitrogen adsorption rises until a limit is reached, which is an indication
of availability of pores and binding sites [34]. Fig. S5 (a2) shows the BET
and the pore diameter (inserted) for Fe304 @SiO2 @ZnO (1:1:1). The
result indicates that Fe304 @SiO @ZnO (1:1:1) has a surface area, pores
diameter and pore volume of ratios of 24.918 m?/g, 0.00611 cm® /g and
11.32 nm. Fig. 4(b2) with a mixing ratio of 1:1:2 had a surface area,
pores diameter and pore volume of 30.685 m?/g, 0.166 cm® /g and
15.00 nm. The surface area, pore diameter and pore volume for Fe3O4
@Si0 @ZnO with mixing ratio 1:2:1 were 35.469 rnz/g, 0.220 cm® /8
and 3.191 nm (Fig. S5 (c2)). Also, in Fig. S5(d2) the surface area, pore
diameter and pore volume are 15.751, 0.095 and 3.581 nm respectively
(see Table 4). According to Table 4, the pore diameter for nano-
composite prepared at a mixing ratio of 1:1:1, 1:1:2, 1:2:1 and 2:1:1 was
less than 50 nm, an evidence of mesoporosity in the synthesized mate-
rial. It was noticed that Fe304 @SiOy @ZnO prepared with a mixing
ratio (1:2:1) has the largest surface area (35.469 m?’@g) followed by
24.918, 30.685, 15.751 m?/g obtained for the Fe304 @SiO, @ZnO with
mixing ratios 1:1:1, 1:1:2, 1:2:1 and 2:1:1 respectively. The increase in
surface area may be linked to the increase in the amount of the SiOq
nanoparticles, suggesting the availability of more binding sites. High
surface area materials are beneficial for adsorption studies because they
offer more active sites for adsorbate-adsorbent interaction. The values of
the internal and external surface obtained during the
adsorption-desorption isotherms suggest that the adsorption of the
nanocomposites favoured the inter adsorption which is usually related
to chemisorption.

3.6. XPS analysis of Fe3s04@SiO>,@Zn0O Nanocomposite

Fe304 @SiO; @ZnO nanocomposite were subjected to XPS analysis
to ascertain the surface oxidation states of the constituent elements and
the results obtained are revealed in Fig. 3.

Fig. 3(a) demonstrates the existence of peaks at a binding energy of
103.78 eV, confirming the presence of Si in SiO3 nanoparticles. Zinc on
the sample surfaces exist in the chemical state of + 2, as evidenced by
peaks at 1047 and 1025.1 eV respectively. The C (1 s) peak at 285.6 eV
indicates the adventitious carbon atom from the PVP used as a capping
agent during the synthesis of pure Fe304 and ZnO nanoparticles. The
complete diffusion of Fe onto the internal pores of SiOz and ZnO shells
was evidence due to the absence of peaks associated with Fe. The XPS
results further supported the XRD findings in Fig. 2, where very small
peaks for Fe304 were observed [35].

Fig. 3(b) depicts the spectrum of Zn 2p, with peaks at 1045.63 eV and
1022.63 eV binding energies linked with Zn 2p1/2 and Zn 2p3/2 or-
bitals, respectively. This suggests that Zn in Fe304 @SiO2 @ZnO nano-
composite exists only in one valence (Zn™) state as opposed to the Zn2t
described previously for the pure ZnO nanoparticles by [18]. Zn single
valence state suggests that it formed a chemical bond with other ele-
ments in the Fe304 @SiO2, and caused spin-spin split of Zn orbital. ZnO
nanoparticles immobilized into Fe3O4 and SiO5 have been changed and
formed Fe3O4 @SiO2 @ZnO nanocomposite via bonding, as shown by
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Table 4
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Fe304 @SiO, @ZnO Nanocomposite Surface Area, Pore Diameter and Total Pore Volume at different mixing ratio.

Sample BET Surface Total Pore BJH pore Internal surface area (m?/g) External surface area (m?/g)
Fe30,@8i0,@Zn0O area (m?/g) Volume (cm®/g) Diameter (nm)
1:1:1 24.918 0.006 11.32 31.7182 25.062
1:1:2 30.685 0.166 15.00 32.439 29.718
1:2:1 35.469 0.220 3.191 39.439 30.08
2:1:1 15.751 0.095 3.581 19.414 17.710
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Fig. 3. (a) General XPS Survey of Fe304 @SiO2Zn0O Nanocomposites (b) XPS Spectrum of Zn 2p3/2 (c) XPS of O (1 s) Peak in Fe304 @SiO, @ZnO Nanocomposites.

the two peaks in the Zn 2p XPS patterns for FesO4 @SiO2 @ZnO
nanocomposites.

XPS deconvoluted spectra of O (1 s) peak in the Fe304 @SiO2 @ZnO
nanocomposite is presented in Fig. 3(c). From the result, it can be
noticed that Si-O-Si or SiO- like linkages exist in the Fe304 @SiO2 @ZnO
nanocomposites, as evidenced by the emergence of a peak at the binding
energy of 531.16 eV. The investigation performed by multiple re-
searchers showed peaks conforming to Si-Si, Si-OH, Al-OH, and C-O
bonds [36]. The method and chemical used as precursors for the syn-
thesis of the nanocomposites may be the cause of the discrepancy be-
tween our work and prior research.

3.7. Physicochemical characterization of the petroleum refinery
wastewater

The result of the physicochemical analysis of the petroleum refinery
wastewater is displayed in Table 5.

In Table 5, the pH value of 6.25 is less than the 6.51-8.5 recom-
mended by WHO and NSDWQ. According to Orodu and Alalibo, [39],
the wastewater dissolved organic carbons and carbon dioxide saturation
may be responsible for the low pH. The temperature recorded is similar
to the recommended values by the WHO. Insufficient dissolved air in the
water due to a high temperature may result in death of aquatic
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Table 5
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Physicochemical Properties Raw Petroleum Refinery Wastewater Before and after Batch Adsorption Treatment with Various Nanoadsorbents.

Parameters Concentration Concentration after
Before adsorption -
Adsorption A B C D [37]WHO Permissible [38]NSDQ
limits (2017) Permissible
limits
(2015)
Chemical oxygen demand 880.15 £ 0.30 98.048 74.724 + 0.05 66.011 106.586 250 500
(COD) mg/L +0.12 +0.05 +0.05
Biological oxygen demand 190.32 £+ 0.20 32.39 29.328 £ 0.15 20.954 44.040 50
(BOD) mg/L + 0.05 +0.10 +0.15
Total organic carbon (TOC) 560.12 + 0.03 74.663 62.397 51.194 112.080 50 40
mg/L +0.04 +0.05 +0.10
BOD/COD ratio 0.216 + 0.40 0.330 0.392 + 0.15 0.317 0.413
+0.05 +0.20 +0.20
Temperature (°C) 31.20 +£ 0.12 31.32 30.14 +£ 0.12 30.04 30.02 £ 0.1 31.000 £+ 0.12
+0.1 + 0.06
pH 6.25 + 0.10 6.34 6.25 + 0.10 7.02 6.81 + 0.11 6.34 + 0.05
+ 0.05 +0.11

A= Fe304 @SiO, @ZnO prepared at 1:1:1, B= Fe304 @SiO5 @ZnO prepared at 1:1:2, C = Fe304 @SiO; @ZnO prepared at 1:2:1 and D = Fe304 @SiO, @ZnO prepared

at 2:1:1

NSDWQ = Nigerian Standard for Drinking Water Quality and WHO = World Health Organization

organisms [40]. The value of the electrical conductivity (483.74 uS/cm)
is greater than 212.00 pS/cm reported for Port Harcourt refinery
wastewater by Osuoha and Nwaichi, [41]. The sample’s high electrical
conductivity has been linked to the presence of several dissolved ions
creating a barrier for organisms’ survival [42]. BOD and COD are
frequently used parameters to estimate the amount of organic contam-
ination in wastewater [43]. When compared to the WHO’s recom-
mended level of 40 mg/L, the biological oxygen demand (BOD) of
wastewater from petroleum refineries is 190.32 mg/L, which is four
times higher than the recommended value. This is an evidence of pres-
ence of different organic pollutants in the wastewater and low amount of
oxygen to support aquatic life, and eventually may cause stress, suffo-
cation, and even death [44]. Table 5 also shows that the COD level of
petroleum refinery wastewater is 880.15 mg/L, which is lower than the
2150 mg/L reported by Mohanakrishna et al. [45]. The low value of the
COD in this study may be linked to the nature of the wastewater. It is
essential to note that the value of the COD recorded in this study is
greater than the BOD level because some organic compounds in petro-
leum refinery wastewater may be resistant to microbial oxidation during
the determination of the COD in the wastewater [46]. The BOD@COD
ratio of wastewater is generally used to evaluate the possibility of an
organic component breakdown in wastewater before treatment. The
ratio of the BOD to COD was calculated to determine the biodegrad-
ability Index (BI) of the refinery wastewater. It has been reported that if
the BI value is more than 0.6, the wastewater contains pollutants that
can be biologically degraded however if the BI is between 0.3 and 0.6
physiologically methods can be applied for the wastewater treatment.
However, if the BI is less than 0.3, hence the wastewater cannot be
treated biologically [47]. The value of the BI (0.216 + 0.40) obtained in
this study is less than 0.3 indicating that the petroleum refinery waste-
water cannot be treated by biological and physiological methods. This
demonstrated that other methods are a better option for the elimination
of COD and BOD from petroleum refinery wastewater rather than the
use of biological or physiological methods. In this research, adsorption
method was chosen over biological treatment, due to the low BOD/COD
values of 0.216.

3.8. Batch adsorption studies

3.8.1. Effect of contact time

The effect of contact time on the adsorption of BOD and COD from
the petroleum refinery wastewater using Fe3O4 @SiO2 @ZnO nano-
composites prepared at the mixing ratios of 1:1:1, 1:1:2, 1:2:1 and 2:1:1
was studied between 1 to 25 min and the results are shown in Fig. 4(a)
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and (b).

Fig. 4(a) shows that the removal of COD by Fe304 @SiOy @ZnO
nanocomposites prepared at the mixing ratios of 1:1:1, 1:1:2, 1:2:1 and
2:1:1 increase with the increase in contact time before equilibrium was
attained at 20 min. The percentage (%) COD removed was 40.09%,
45.79%, 51.82% and 39.00% while the percentage (%) BOD removed
was 35.09%, 40.79%, 47.82% and 30.00% after 1 min of contact time
using Fe304 @SiO2 @ZnO (1:1:1), FesO4 @SiO2 @ZnO (1:1:2), Fe304
@SiO2 @ZnO (1:2:1) and Fe304 @SiO2 @ZnO (2:1:1) nanocomposite
respectively. This was then gradually increases to 87.50%, 91.16%,
98.19% and 82.58% for COD and 83.20, 87.06, 90.97, 78.00%, for BOD
after 15 min of contact time using Fe304 @SiO2 @ZnO (1:1:1), Fe304
@Si0y; @ZnO (1:1:2), Fes04 @SiO; @ZnO (1:2:1) and Fe304 @SiO4
@ZnO (2:1:1) nanocomposite respectively. After which, the removal
efficiency was practically constant, indicating that the adsorption was
saturated after the 15 min of contact time between the nanoadsorbent
and adsorbate. As the contact time increases above 15 min, the removal
efficiency for both COD and BOD became constant due to the exhaustion
of available sites occupied by the pollutants [48]. The findings of this
research revealed that Fe3O; @SiO2 @ZnO (1:2:1) nanocomposite
exhibited highest percent removal efficiency compared to Fe3O4 @SiO2
@ZnO (1:1:1), Fe304 @SiO; @ZnO (1:1:2) and Fe304 @SiO; @ZnO
(2:1:1) nanocomposite. The observed trend can be linked to the differ-
ences in the average crystallite size (7.66 nm) and surface area
(35.469 mz/g) of the Fe3O4 @SiOz @ZnO (1:2:1) nanocomposite
compared with the average crystallite size; 10.10 nm, 8.84 nm and
12.40 nm estimated for Fe3sO4 @SiO; @ZnO (1:1:1), Fe304 @SiO,
@ZnO (1:1:2) and Fe304 @SiO; @ZnO (2:1:1) nanocomposites respec-
tively. Bankole et al. [49] have reported the elimination of COD from
electroplating wastewater occurred at an optimum contact time of
70 min against 15 min reported in this study due to the nature of the
nanomaterial and the surface area.

3.8.2. Effect of adsorbent dosage

The variation of adsorbent dose (0.02, 0.04, 0.06, 0.08,0.1 to 0.12 g)
on the COD and BOD removal from petroleum refinery wastewater was
examined using Fe3O4 @SiO2 @ZnO nanocomposites prepared at the
mixing ratios of 1:1:1, 1:1:2, 1:2:1 and 2:1:1 and the results are given in
Fig. 4(c) and (d). In Fig. 4(c) and (d), the level of COD removed increased
from 38.39 to 88.02, 40.01 to 90.79, 45.36 to 95.40 and 33.00 to
84.00% as the adsorbent dosage increased from 0.02 to 0.1 g. While the
result of the BOD presented in Fig. 4(d) indicates that the adsorption
efficiency increases from 30.39 to 84.08, 34.01 to 88.02, 39.36 to 90.30
and 24.00 to 80.00%. Regardless of the mixing ratios of the Fe304 @SiO2
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@ZnO nanocomposites, the increase in adsorption efficiency as adsor-
bent dosage increases suggests availability of more active sites on the
nanoadsorbent surface during the COD and BOD removal. Assila et al.
[50] and Dinesha et al. [51] independently reported an increase in
adsorptive removal of the pollutants as a function of adsorbent dosage.
Fe304 @SiOy @ZnO (1:2:1) nanocomposite had removal efficiency of
95.40% as against 88.02%, 90.79%, 95.40% and 84.00% obtained using
Fe304 @Si0y @ZnO (1:1:2), Fes04 @SiOs @ZnO (2:1:1), Fe304 @SiO5
@ZnO (1:1:1) nanocomposites respectively.

The rate of removal of COD and BOD in petroleum refinery waste-
water was found to almost double as the dosage increased from 0.02 to
0.08 g and after 15 min. The removal efficiency became steady due to
the interaction between the adsorbent and the adsorbate for the Fe304
@SiO; @ZnO nanocomposite prepared at 1:1:2 and 1:2:1 while FezO4
@Si0y @ZnO nanocomposite prepared at 1:1:1 and 1:1:2 becomes
steady at 0.1 g. Almas et al. [52] reported a similar trend in their analysis
under the reaction conditions of 0.5 to 3.0 (g L™ 1). The steady removal of
COD and BOD as the adsorbent dosage increases above 0.08 g irre-
spective of the mixing ratios may be ascribed to aggregation of the
nanocomposite and the diffusion path length. Additionally, the high
adsorption efficiency exhibited by Fe304 @SiOy @ZnO (1:2:1) nano-
composites compared to the other nanocomposites prepared at different
mixing ratios may be linked to differences in surface area and formation
of more bonds such electrostatic interactions compared with the other
nanocomposites prepared at other mixing ratios [53]. The effect of
adsorbent dosage on the removal of these pollutants could be explained
in terms of increased coverage of the surface as the adsorbent dosage
increases leading to an increase in the number of adsorption sites and
enhanced removal efficiency [54].

3.8.3. Effect of adsorption temperature

The effect of temperatures (30 °C, 40 °C, 50 °C, 60 °C, 70 °C, and
80 °C) on the adsorption of COD and BOD from petroleum refinery
wastewater using the four prepared nanoadsorbents were investigated,
and the results are displayed in Fig. 4(e) and (f):

According to Fig. 4(e) and (f), the removal efficiency for both COD
and BOD increases as the reaction temperature increases from 30 °C to
40 °C. Specifically, for COD, the adsorption rate increased from 78.00 -
83.50, 84 - 88.28, 88 - 95.82, 76.2 — 80.80% while for BOD, the amount
removed increased from 71.00 - 80.50, 78 — 83.28, 83 - 90.82, 65.34 -
77.8%. The increase in adsorption rate as a function of reaction tem-
perature suggests that the COD and BOD removal from the petroleum
wastewater by the nanoadsordent is purely endothermic [54]. This
corroborates the result of the thermodynamic presented in Table 6
where the value of AH® is positive. This result supports the findings of
Zain et al. [55] who reported an increase in adsorption efficiency of
remazol brilliant blue and malachite green dyes as the reaction tem-
perature increases. The increment can be explained in terms of the high
mobility of pollutants in the wastewater as the reaction temperature
increases leading to availability of more pollutants in the wastewater
having the necessary energy to engage in a surface-based interaction
with active sites. In addition, rising temperature could cause the Fe3O4
@Si02 @ZnO interior structure to swell, allowing pollutants to enter
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into the lattice structure of the adsorbent [56]. Beyond 40 °C, the
adsorption efficiency of COD and BOD from the wastewater became
constant probably due to the agglomeration of the nanoadsorbent.
Table 6 shows the comparison of the present study with previous works.
It can be seen that when employing Fe3O4 @SiOy @ZnO (1:1:1), Fe3Oy4
@Si0y @ZnO (1:1:2), Fes04 @SiOy; @ZnO (1:2:1), and Fe304 @SiO4
@ZnO (2:1:1) nanoadsorbent, the adsorption efficiency of COD and BOD
is higher. This is because majority of authors used stimulated waste-
water, which contains one contaminant than the real wastewater from
industries. The high or low adsorptive removal efficiency in comparison
to previous studies may be due to the presence of additional pollutants in
petroleum-based wastewater, which typically compete with the pollut-
ants of interest for the active sites, as opposed to the use of stimulated
wastewater that only contained the target pollutant. The variations in
the adsorptive removal by the nanoadsorbent can also be attributed to
the employed experimental method. In particular, in this investigation
adsorption removal efficiency was achieved at 15 min compared to
20 min -2 h observed in all literature reported in Table ST1 (supple-
mentary data). The behaviour of the nanoadsorbent could be linked to
several factors such as method of synthesis, physicochemical properties
of the nanomaterials, pollutants removed, and batch adsorption condi-
tions amongst others.

3.9. Adsorption isotherm

Table ST2 (supplementary data) displays the data obtained from
adsorption isotherms (Freundlich Langmuir, Temkin, and Dubinin-
Rasdushkevish (D-R)) based on the batch adsorptive removal of COD
and BOD from wastewater from the petroleum refinery using the four
nanoadsorbents.

Table ST2 displays the findings of experimental data analyzed using
several isotherm models to remove COD and BOD from wastewater from
petroleum refineries. Using Fe304 @SiOy @ZnO nanocomposites pre-
pared at a 1:2:1 mixing ratio, the results show that the adsorption of
COD and BOD from petroleum refinery wastewater fits better to the
Langmuir isotherm model due to its highest correlated coefficient (R2)
values of 0.999. These values are higher than the 0.998, 0.995, and
0.976 recorded for Freundlich, Temkin, and D-R isotherm. For the
elimination of COD and BOD from petroleum refinery effluent, different
Fe304 @SiO2 @ZnO nanocomposites made at various ratios of 1:1:1,
1:1:2, and 2:1:1 also showed a similar trend.

The Langmuir isotherm’s high (R?) value in comparison to the other
isotherms shows that monolayer adsorption mechanisms dominate the
adsorption process. Langmuir isotherm was best fitted, followed by
Freundlich isotherm, Temkin isotherm, and then D-R isotherm. The
value of maximum adsorption capacity (qmax) values for the removal of
COD were 0.134,51.641, 58.637, and 38.912 mg/g while the maximum
adsorption capacity (qmax) for BOD were 324.641,40.637, 49.806 and
24.134 mg/g using Fes04 @SiO2 @ZnO nanocomposites prepared at
1:1:1, 1:1:2, 1:2:1 and 2:1:1 respectively. This result indicates that
among the Fe304 @SiO2 @ZnO nanocomposites prepared at the mixing
ratio of 1:2:1 performed better than Fe3O4 @SiO; @ZnO nano-
composites prepared using other mixing ratios.

Table 6
Thermodynamic Parameters for the Adsorption of BOD and COD using Fe304 @SiOz @ZnO Nanocomposites Prepared at different mixing ratios.
Parameters Nanomaterials AH kJ/mol AS J/K.mol AG kJ/mol
303 K 313K 323K 333K 343K 353K
BOD Fe304 @SiO; @ZnO(1:1:1) 21.016 15.159 16.422 16.271 16.119 15.968 15.816 15.664
Fe304 @SiO; @ZnO(1:1:2) 14.127 6.872 12.044 11.976 11.907 11.838 11.770 11.701
Fe304 @SiO; @ZnO(1:2:1) 19.235 15.035 9.497 9.498 9.499 9.501 9.502 9.504
Fe304 @SiO; @Zn0O(2:1:1) 28.371 30.398 19.161 18.857 18.553 18.249 17.945 17.641
COD Fe304 @SiO, @ZnO(1:1:1) 24.23 13.056 20.274 20.143 20.013 19.888 19.752 19.621
Fe304 @SiO; @ZnO(1:1:2) 26.721 20.541 20.497 20.291 20.086 19.881 19.675 19.470
Fe304 @SiO; @Zn0O(1:2:1) 15.590 10.745 12.334 12.227 12.119 12.012 11.904 11.797
Fe304 @SiO; @Zn0O(2:1:1) 27.945 22.951 20.991 20.761 20.532 20.302 20.073 19.843
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From the result presented in Table ST2 in the supplementary data.
the values obtained for the (Ry) values ranges from 0.017 to 0.024 for
COD while BOD ranges from 0.016 to 0.090, which is less than one for
both COD and BOD using FesO4 @SiO2 @ZnO prepared at different
mixing ratios suggesting that the adsorption COD and BOD onto Fe304
@Si02 @ZnO nanocomposites were favourable (see Table 2) irre-
spective of the adsorbent mixing ratios used. It is significant to
mentioned that the values of Fe304 @SiO2 @ZnO prepared at the mixing
ratio of 1:2:1 was lower than the values for 1:1:1, 1:1:2, 2:1:1 respec-
tively. This indicates that the adsorption of the COD and BOD is more
favourable using Fe304 @SiO2 @ZnO nanocomposites prepared at the
mixing ratio of 1:2:1. This result justifies the earlier claims that the
adsorption of the COD and BOD was better using r Fe3O4 @SiO2 @ZnO
nanocomposites prepared at the mixing ratio of 1:2:1 compared with the
Fe304 @SiO2 @ZnO nanocomposites prepared at the mixing ratio 1:1:1,
1:1:2 and 2:1:1 respectively.

Table ST2 shows the dimensionless (R;) values for COD and BOD,
and both values were less than one, suggesting that adsorption process is
advantageous especially using Fe3O4 @SiO2 @ZnO nanocomposites
synthesized at 1:1:1, 1:1:4, 1:2:1, and 2:1:1 as nanoadsorbent. The K|,
value is a standard for the evaluation of the affinities of absorbed pol-
lutants. The stronger the affinity between Fe304 @SiO2 @ZnO nano-
composites and the pollutants (COD and BOD), the higher the Ky, value.
According to the findings, FesO4 @SiOy @ZnO nanocomposites pre-
pared at 1:2:1 (6.321) had a higher affinity for the COD than those
prepared at 1:1:1, 1:1:2, and 2:1:1 (2.685, 2.724, and 1.966, respec-
tively). The data obtained for the BOD showed a similar pattern.

The Freundlich isotherm model’s 1/n value was less than one for the
removal of COD and BOD from petroleum refinery wastewater. This
indicates that chemisorption was a key factor in the adsorption of the
indicator parameters using the prepared nanoadsorbents. The higher the
adsorption process, the smaller the value of 1/n. Table ST2 shows the
values of parameters in the Freundlich isotherm models such as k¢ (mg/g
(L/mg) and 1/n which is used to justify the favourability, intensity, or
surface heterogeneity between adsorbent and the adsorbate. According
to Table 7, the value of (1/n) is less than one, implying that the removal
of COD and BOD using Fe304 @SiO2 @ZnO nanocomposite prepared at
different mixing ratios is a typical Langmuir isotherm [54]. While value
of (1/n) greater than one indicates cooperative adsorption (Freundlich
isotherm). The (R%) and Ry, value suggests that the Langmuir isotherm
describes monolayer adsorption of the target pollutants using Fe3O4
@Si05 @ZnO nanocomposites. Additionally, value of 1/n closer to zero
implies that adsorption is less heterogeneous [57]. The presence of a
positive value for By indicates that the adsorption was endothermic
[58].

The value of (E) from the Dubinin-Radushkevich (D-R) isotherm
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model is used to predict the type of adsorption; E values of greater than
8 kJ/mol are often classified as chemisorption and less than 8 kJ/mol
are classified as physisorption [59]. The adsorption of COD and BOD
onto Fe304 @SiO2 @ZnO nanocomposite ranges from 429.800-
1215.920 kJ/mol, confirming the earlier reported dominating mecha-
nism of chemisorption. The (E) value between 1 and 16 kJ/mol indicates
that process adsorption is physisorption and chemisorption if (E) is
larger than 16 kJ/mol [60]. The (E) value obtained in this study is
(>>16 kJ/mol) for all Fe304 @SiO, @ZnO nanocomposites prepared at
different ratios. This demonstrates that the adsorptive removal of COD
and BOD using Fe304 @SiO2 @ZnO nanocomposites produced at various
ratios is chemisorption-based.

3.10. Adsorption kinetics

To assess the adsorption kinetics during the elimination of COD and
BOD from the petroleum refinery wastewater using Fe3O4 @SiOs @ZnO
nanocomposites prepared at 1:1:1, 1:1:2, 1:2:1 and 2:1:1, different ki-
netic models, including pseudo first, pseudo second order, Elovich ki-
netic and intra-particle diffusion models were employed and the results
obtained are presented in Table ST3 (supplementary data).

The kinetic parameters for the Elovich, IPD, PFO, and PSO models
are shown in Table ST3. Due to the greater correlation regression (R?)
value of 0.999 compared to the first-order kinetics with (R?) in the range
of (0.860-0.989), the PSO kinetic model fitted better for the elimination
of COD and BOD from petroleum refinery wastewater regardless of the
mixing ratio. The lower (R?) obtained for the PFO model compared to
the PSO model indicates that the PSO model is better suitable for
explaining the COD and BOD adsorption behaviour onto the four
nanocomposites. This also suggests that the PSO kinetic model is the
rate-determining step for the adsorption of COD and BOD from petro-
leum refinery wastewater and that chemisorption dominated the
removal process. Additionally, it was found that the (Rz) for all the
nanoadsorbents was in the order of Fe304 @SiOy @ZnO prepared at
1:2:1 >1:1:2 > 1:1:1 > 2:1:1 nanocomposite for the target pollutants.

To ascertain the applicability of the kinetics models, the data was
again subjected to the error function analysis. Lower (x?) and SSE values
for the adsorption COD and BOD utilizing different nanoadsorbents as
compared to the PFO kinetic model demonstrate that the adsorption
process predominantly followed the PSO kinetic model as shown in
Table ST3. The result of (k;) and (ky) presented in Table ST3 indicates
that for the COD and BOD removal, the value of (k;) was lower than (ks),
justifying the fitness of the adsorption process to PSO than the PSO
model. A similar trend was observed for the qe; and qe; as shown in
Table ST2. The values of (kj, ko) and (qe; and gey) were in order of
Fe304 @SiOs @ZnO (1:2:1) > Fe304 @SiOs @ZnO (1:1:2) > Fe3O4

Table 7
Antibacterial Activity of Fe304 @SiO, @ZnO Nanocomposites.
Concentration
Samples Bacterium 20 mg/cm® 40 mg/cm® 60 mg/cm® 80 mg/cm® 100 mg/cm®
Zone of Inhibition (mm)
Fe304 @SiO, @ZnO (1:1:1) Escherichia coli 6.42 £ 0.04 8.00 £ 0.12 11.34 £ 0.06 11.00 £+,013 15.00 £+ 0.07
Solmonella typhi 3.45+£0.11 6.00 + 0.08 7.50 £ 0.14 9.20 £+ 0.04 13.00 £+ 0.07
Klebsiella pneumoniae 4.40 £+ 0.09 12.00 + 0.10 15.50 £ 0.02 18.00 £+ 0.01 25.00 + 0.03
Fe304 @SiO, @ZnO (1:1:2) Escherichia coli 11.50 + 0.14 12.00 £+ 0.10 15.00 £+ 0.08 16.34 £+ 0.08 18.00 £+ 0.12
Solmonella typhi 6.05 £+ 0.09 7.05 £+ 0.03 9.500 + 0.06 11.00 £+ 0.08 17.00 + 0.03
Klebsiella pneumoniae 10.15 £ 0.11 13.00 £+ 0.09 17.50 £+ 0.08 23.00 + 0.23 28.50 + 0.08
Fe304 @SiO2 @ZnO (1:2:1) Escherichia coli 14.50 £+ 0.01 13.00 £+ 0.07 17.80 £ 0.01 20.34 £ 0.13 25.00 + 0.06
Solmonella typhi 10.00 £+ 0.07 14.50 £+ 0.08 16.40 £ 0.10 19.00 £+ 0.15 26.00 + 0.06
Klebsiella pneumoniae 10.42 + 0.03 16.38 + 0.04 20.00 + 0.09 26.36 + 0.03 29.50 + 0.16
Fe304 @SiO2 @ZnO (2:1:1) Escherichia coli 4.32 £ 0.17 6.00 £+ 0.012 8.45 + 0.06 12.00 + 0.13 15.00 + 0.04
Solmonella typhi 5.00 £ 0.08 6.50 + 0.01 8.00 £ 0.03 10.350 £ 0.15 13.00 £+ 0.02
Klebsiella pneumoniae 9.00 £ 0.15 7.50 £ 0.08 9.00 + 0.04 11.32 £ 0.03 12.00 £+ 0.01
Ciprofloxacin Escherichia coli 6.42 + 0.04 8.00 £ 0.12 11.34 £+ 0.06 11.00 +,013 15.00 £+ 0.07
Solmonella typhi 3.45£0.11 6.00 + 0.08 7.50 £ 0.14 9.20 £ 0.04 13.00 £+ 0.07
Klebsiella pneumoniae 4.40 £ 0.09 12.00 £+ 0.10 15.50 £+ 0.02 18.00 £+ 0.01 25.00 + 0.03
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@SiO3 @ZnO (1:1:1) > Fe304 @SiO2 @ZnO (2:1:1) nanocomposite for
both BOD and COD. This trend may be linked to the large surface area of
Fe304 @SiO2 @ZnO (1:2:1) compared to the other ratios as presented in
Table 4.

Elovich kinetics model was further used analyse the experimental
data and to better study the nature of the adsorption between the Fe304
@Si05 @ZnO prepared at different ratios and pollutants (COD and BOD)
(see Table ST3). The outcome also reveals that greater value of corre-
lation coefficient (R?) for all of the nanoadsorbents may be associated
with successful adsorption of COD and BOD from petroleum refinery
wastewater. This suggests that chemical bonding was involved in the
adsorption of COD and BOD on the nanoadsorbents. The values of « and
f presented in Table ST3 indicate that both o and p values increase in the
order of 1:2:1 > 1:1:2 > 1:1:1 > 2:1:1 for both COD and BOD. This result
also justifies better performance of Fe304 @SiO5 @ZnO nanocomposites
prepared at 1:2:1 compared to Fes04 @SiO2 @ZnO nanocomposites
prepared at 1:1:2, 1:1:1 and 2:1:1 respectively.

The results were also run through the IPD model to further examine
the adsorption process. The (R?) result demonstrates that, in comparison
to the PSO, Elovich, and PFO models, the IPD model has a smaller impact
on the adsorption process. This discovery leads to the conclusion that
many mechanisms were utilized in the adsorption of COD and BOD onto
the nanoadsorbent, with chemical adsorption mechanism dominating.

3.11. Thermodynamics evaluation of adsorption of COD and BOD

The elimination of BOD and COD from petroleum refinery waste-
water using Fe3O4 @SiO2 @ZnO nanocomposites prepared at mixing
ratios of 1:1:1, 1:1:2, 1:2:1 and 2:1:1 was studied using different ther-
modynamic parameters and the results are presented in Table 6.

All of the nanoadsorbents in Table 6 have positive values of AH°.
This demonstrated that the adsorption of COD and BOD from petroleum
refinery wastewater by the four nanoadsorbents is purely endothermic
in nature. According to Table 6, the AS° is positive regardless of the
nanoadsorbent employed and the positive value denotes a higher degree
of randomness at the solution/solid interface, which can alter the
structure of the adsorbate and adsorbent. The AG®, is a key index for the
adsorption process spontaneity. The value AG® showed decrease as the
temperature increased in respective of the mixing ratios of the nano-
adsorbent, indicating an increase in the degree of spontaneity during the
adsorption process. This implies that the adsorption process becomes
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more feasible and spontaneous as the temperature increases. Generally,
the feasibility and spontaneity occurred during the adsorption process
for the removal of BOD and COD onto Fe3O4 @SiO2 @ZnO(1:1:1), Fe304
@Si0y; @ZnO0O(1:1:2), Fe304 @SiOy @ZnO(1:2:1) and Fe304 @SiO4
@Zn0(2:1:1) from petroleum refinery wastewater. This suggests that
the ternary metallic oxide nanocomposite prepared at mixing ratio of
1:2:1 performed better than the other ratios. The observed trend may be
ascribed to the surface area, functionality and crystallite sizes of the
nanoadsorbents.

3.12. Recyclability potential of Fes04@SiO2@Zn0O nanocomposites

The applied Fe3sO4 @SiO2 @ZnO nanocomposites prepared at
different mixing ratios (1:1:1, 1:1:2, 1:2:1 and 2:1:1) were recycled ten
times under the same conditions to study the reusability of Fes04 @SiO2
@ZnO nanocomposites material and the results obtained are presented
in Fig. 5(a) and (b).

Fig. 5(a) shows the regeneration efficiency of COD removal from
wastewater using Fe3O4 @SiOz @ZnO (1:1:1), Fes04 @SiOz @ZnO
(1:1:2), Fe304 @SiO2 @ZnO (1:2:1) and FegO4 @SiOz @ZnO (2:1:1)
nanocomposite. It was noticed that the regeneration efficiency for the
COD removal from petroleum refinery wastewater for the first cycle was
84.66%, the second cycle was 83.66% the third cycle was 76.86% while
the percentage removal for the fourth cycle was 74.27% using Fe3O4
@Si0y @ZnO (1:1:1) nanocomposite, the percentage removal efficiency
decreases as the number of cycles increases up to the tenth cycles. The
same trend was observed for Fe304 @SiO; @ZnO (1:1:2) nano-
composite, the removal efficiency for the first cycle was 86.99%, the
second cycle was 85.24% the third cycle was 78.99% while the per-
centage removal efficiency for the fourth cycle was 76.02% while for the
tenth cycle was 25%. The values obtained for the first, second, third,
fourth, fifth, sixth, seventh, eighth, ninth and tenth cycles were 90.01%,
88.45%, 87.01%, and 85.85%, 81.03%, 77.00%, 74.09%, 60.34%,
60.00% and 51.06% using FesO4 @SiO2 @ZnO (1:2:1) nanoparticles.
For Fe304 @SiO, @ZnO (2:1:1) nanoparticles, the regeneration effi-
ciency for the first cycle was 80.99%, the second cycle was 79.08%, the
third cycle was 75.99% and the fourth cycle was 73.91% while for the
other cycles were 64%, 56%, 44%, 34% @ 0% and 18%. The result
suggests that Fes04 @SiO2 @ZnO (2:1:1) nanocomposites show the
lowest regeneration efficiency after the fourth cycle for the removal of
COD. The same trends were observed for the removal of BOD. As the
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Fig. 5. Fe304 @SiO, @ZnO Nanocomposites Reusability for Adsorption of (a) COD and (b) BOD after Ten Cycles using 0.1 moldm 3 HNO; Solution as the

Desorption Agent.
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number of cycles increases to 10 the efficiency of the nanocomposites
decreases irrespective of the mixing ratio.

Generally, the regeneration efficiency of the nanocomposites fol-
lowed the order of mixing ratios: 1:2:1 > 1:1:2 > 1:1:1 > 2:1:1 for both
COD and BOD. This is an indication that Fe304 @SiO, @ZnO (1:2:1)
nanocomposites were more stable than the other nanocomposites. This
observation corroborated the XRD result shown in Fig. 2. It is worth
noting that as the regeneration process progressed from the first to the
tenth adsorption cycle, the saturation time decreased, resulting in lower
adsorption removal efficiency of less than 5% from one cycle to another
until after the seventh cycles for Feg04 @SiOy @ZnO (1:2:1) nano-
composites. The observed trend may be linked to the adsorbent structure
or functional group deterioration during the desorption process [61].
Other possible explanations for the decrease in adsorption efficiency
have been linked to the incomplete removal of the pollutants by
desorbing acid from the surface of the adsorbent during each cycle
period, contributing to the reduction of the number of available sites for
the adsorption [62]. Hence, the produced nanocomposites can be reused
for wastewater treatment.

3.13. XRD analysis of Fes04@SiO>@Zn0O nanocomposites after the
adsorption Process

After the adsorption of the COD and BOD onto the Fes04 @SiOy
@ZnO nanocomposite, the reused Fe304 @SiO; @ZnOnanocomposite
was rinsed and dried in an oven and later subjected to XRD analysis to
confirm their stability. The result obtained is given in Fig. 6.

Fig. 6 shows intense diffraction peaks observed at 26 values of
20.14°, 25.96°, 36.05°, 38.91°, 39.82°, 42.05°, 45.42°, 49.77°,
54.59°,54.95°, 59.83°, 63.83°, 65.78°, and 68.771°, corresponding to
the miller planes of (100), (011), (110), (102), (111), (200), (021),
(112), (202), (013), (121), (113), (300), and (212) for Fe304 @SiO,
@ZnO nanocomposites. These diffraction peaks angle and miller indices
aligned with JCP2_77-001. The XRD preterm in Fig. 6 revealed a little
shift (1.2°) in the peak positions and decreases in the intensity of the
peaks compared with the XRD pattern of the SiOy; @Fe304 @ZnO
nanocomposite before application as presented in Fig. 2. This observa-
tion can be linked to the distortion of the lattice structure of the nano-
composites after the adsorption process. The reduction in peaks intensity
signifies the contraction of the unit cell and slight loss of crystallinity.
The reduction of the peaks may also be attributed to strong chemical
interaction during the adsorption process based on the report of Lam et
al. [63]. The diffraction peaks observed for Fe304 @ SiO3 @ZnO nano-
composite (1:2:1) reduced compared to the others, due to the diffusion
of ions into the lattice layer of ZnO nanoparticles leading to a more
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Fig. 6. XRD Patterns of Fe30; @SiO, @ZnO Nanocomposites after the
Adsorption Process (a) 1:1:1 (b) 1:1:2, (c) 1:2:1 and (d) 2:1:1.
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disordered structure of the nanocomposites after adsorption process.

Table ST4 shows that the nanoadorbent competed favourably with
the results of the previous works reported in the literature. This is an
indication that the nanocomposites produced in this research can be
reused many times as nanodsorbent for the treatment of petroleum re-
finery wastewater and other related industries. Many of the researchers
that utilized acid as a desorbing agent obtained higher desorption of the
pollutants at 0.1 M. Other workers also employed sulphuric (H2SO4)
acid during desorption process because of its strong oxidizing ability
however sulphuric acid destroyed the active sites on the nano-
adsorbents. Additionally, sulphuric acid also lead to the formation and
precipitation of lead sulfate, which is insoluble in water. The percentage
desorption using an alkali solution was lower compared to the use of
acid solutions It can be concluded that acid had a higher desorption
potential for the metal ions than base.

3.14. Antibacterial activity of Fe3s04@SiO2@ZnO nanocomposites

The antibacterial properties of FesO4 @SiO2 @ZnO nanocomposite
prepared at different mixing ratios using the Agar diffusion method
against the selected bacteria: Escherichia coli, Klebsiella pneumonia, and
Salmonella typhi. were investigated. The zone of inhibition which is the
area of media where bacteria are unable to grow, due to the activity of
the tested nanocomposites that impedes their growth were measured in
millimeters (mm) and the result is presented in Table 7 and Fig. S6, S7,
S8 and S9 (supplementary data).

ST5 (the supplementary data) suggests that the nanocomposites
exhibited higher antibacterial activities compared to the previous report
in the literature due to the smaller crystallite size of the nanocomposites
in this study. This result also justifies the claim that the crystallite size
played an important role in the antibacterial activities of the nano-
particles. Fe304 @SiOy @ZnO (1:2:1) destroyed the cell walls of the
microorganism faster than others, which suggests Fe304 @SiOy @ZnO
(1:2:1) nanocomposites as a good antibacterial agent.

4. Conclusion

In conclusion, Fe3s04 @SiO; @ZnO nanocomposites were synthesised
by wet impregnation method at different ratios. The synthesised nano-
composite were characterised using XRD, HRSEM, EDX, DLS BET and
XPS in the petroleum refinery wastewater before and after the batch
adsorption processes. The suitability of Fes04 @SiO2 @ZnO nano-
composites prepared at mixing ratios of 1:1:1, 1:1:2, 1:2:1, and 2:1:1 as
nanoadsorbent for the removal of BOD and COD from petroleum re-
finery wastewater was studied. The ternary metallic oxides (FesO4
@SiO2 @ZnO) nanocomposites showed the formation of rod-like
structures irrespective of the mixing ratio. The FesO4 @SiO2 @ZnO
(1:2:1) nanocomposites had the highest surface area of 35.469 m%/g
compared with 24.918, 30.685 and 15.751 m?/g reported for the
nanocomposites prepared at mixing ratio of 1:1:1, 1:1:2 and 2:1:1
respectively. The oxidation number of Zn?" in ZnO nanoparticles
changed from + 2 oxidation number to + 1 after the formation of the
composites with Fe3O4 and SiO, while Fe and were + 5 (+2 and +3) and
+ 4 remained unchanged. The batch adsorption studies revealed the
adsorptive removal efficiency of COD and BOC onto the Fe30O4 @SiO4
@ZnO (1:2:1) nanocomposite prepared at different ratios. Among the
ternary nanocomposites FesO4 @SiO2 @ZnO (1:2:1) nanocomposites
exhibited excellent adsorptive properties on the elimination of BOD and
COD from petroleum refinery wastewater with percentage removal of
92.50% and 88.99% under the following applied conditions time
(15 min), adsorbent dosage (0.08 g), reaction temperature (35 °C) and
pH of 6.25. The adsorptive behaviour is directly proportional to the
adsorbent’s surface area and the crystallite size of the nanoadsorbent.
The adsorption kinetic and isotherm models used to describe the
adsorption process suggest that the adsorption process fits better to PSO
kinetics than other kinetic models. While the experimental data
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subjected to different isotherm models fitted best to Langmuir isotherm
than others for all the adsorbents with maximum adsorptive capacity
(Qmax) of 39.806 mg/g and 36.192 mg/g for BOD and COD removal
respectively. Additionally, the thermodynamics parameters showed that
the adsorption process was endothermic in nature and chemisorption
(chemical adsorption) controlled the adsorption process compared with
the physical adsorption process. The maximum desorption of COD and
BOD was 91.00% and 87. 04% at contact time (15 min), adsorbent
dosage (0.08 g) and temperature of 30°C. Notably, even after the sev-
enth adsorption cycle, the pollutant percentage removal efficiency was
still over 74.09%. The stability study suggests that ZnO@SiO,
@ Fe304(1:2:1) nanocomposite was more stable because of a slight
reduction (1 - 5%) in the percentage removal of the target pollutant
compared with more than 5% recorded for other composites prepared at
1:1:1, 1:12, 1:2:1and 2:1:1. Therefore, this research shows great po-
tential of ZnO@SiO, @Fe304 nanocomposite for industrial wastewater
treatment operations, and it may pave the way for new approach to
improve sustainable nanoadsorbents for wastewater treatment and
other purposes. Fe304 @SiO2 @ZnO (1:2:1) nanocomposites exhibited
the highest antibacterial activity against Escherichia coli (25.00

+ 0.06 nm), Solmonella typhi (26.00 + 0.06 nm), Klebsiella pneumoniae
(29.50 + 0.16 nm) at 100 mg/. The Fes04 @SiO2 @ZnO (1:2:1) nano-
composites have an excellent adsorptive potential to reduce the number
of toxic pollutants in petroleum refinery wastewater.
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