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ABSTRACT

This study describes the development of Beneficiated Kaolin Clay (BKC), BKC/Ag, BKC/ZnO
and BKC/Ag/ZnO nanocomposite adsorbents produced by blending Silver Oxide (Ag) and Zinc
Oxide (ZnO) nanoparticles with kaolin clay for removal of Chemical Oxygen Demand (COD)
and Biochemical Oxygen Demand (BOD) concentration from domestic wastewater collected via
sewers,High Resolution Transmission Electron Microscope (HRTEM) analysis showed that the
produced adsorbents were polycrystalline in nature. The interplanar spacing and average
crystalline sizes were 1.775 — 4.712 nm and 26. 834 — 40.258 nm, according to X-Ray
Diffractometer (XRD) analysis. The Dispersive X — Ray Fluorescence (XRF) analysis indicated
that SiO2/Al>0s ratios for BKC/Ag, BKC/ZnO and BKC/Ag/ZnO nanocomposites adsorbents
were 15170, 1.4818 and 1.5231 respectively. Brunauer — Emmett — Teller (BET) analysis
showed that the BKC/Ag, BKC/ZnO and BKC/Ag/ZnO had a certain number of macropores (d >
50 nm) and a small amount of micropores (d < 2 nm) ascribed to mesoporous structures with
hysteresis loops of type H3. The COD and BOD concentration removal efficiencies of the
produced adsorbents followed this trend:BKC/Ag/ZnO > BKC/Ag > BKC/ZnO > BKC. These
adsorbents were excellent in the removal of COD and BOD from domestic wastewater, and
hence, recommended for large scale production.

Keywords:Adsorption, Kaolin Clay, COD, BOD, Domestic Wastewater.
INTRODUCTION

Domestic wastewater consists of household
waste liquid from toilets, baths, showers,
kitchens, sinks and other liquid that is
disposed of via sewers (EPA, 2019b; Cigdem,

drinking water supply services. Increased
discharges of domestic wastewater, coupled
with agricultural runoff has resulted in the
degradation of water in Nigeria (Adewole,
2006).

2010; Hocaoglu et al. 2010; Marthe et al,
2010). Preliminary  investigations of
household wastewater in 79 high and middle-
income countries showed that 59 % were
safely treated (UN Water, 2018). However, in
low-income countries such as Nigeria, only 8
% of wastewater undergo treatment of any
kind (WWDR, 2017). Wash Norm 2019
showed that only 14 % of the Nigeria
populations have access to safely managed

The key parameter in domestic wastewater is
BOD and COD levels (Mutia et al, 2020;
Suhendrayatna et al, 2012; Muhammad et al,
2008). COD is a measure of the oxygen
equivalent of the organic matter in a
wastewater that is susceptible to oxidation by
a strong chemical oxidant, such as
dichromate. The COD is widely used as a
measure of the susceptibility to oxidation of
the organic and inorganic materials present in
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water bodies and a general indication of
pollution. BOD is an approximate measure of
the amount of biochemically degradable
organic matter present in a water sample (Dar,
1999). BOD is usually defined by the amount
of oxygen required for the aerobic micro-
organisms present in the wastewater to
oxidize the organic matter to a stable
inorganic form.

Excess organic loads reduce the amount of
dissolved oxygen (Idris-Nda et al, 2013) in
water to critical level and impair the chemical
content which can also result into disease
such as Cholera, Dysentery, Typhoid,
Diarrhoea, Hepatitis and Jaundice
(Thyagaraju, 2016). Wastewater with high
BOD and COD will decrease oxygen of
receiving waterbodies, which in turn can
cause death of some organisms and aquatic
lives. NESREA 2011 specified maximum
permissible limits of 6.0 mg/L and 30 mg/L
for BOD and COD of treated effluent in
Nigeria. Any values above require treatment
before the wastewater can be discharged into
the environment in Nigeria.

In an effort to remove COD and BOD from
wastewater, conventional anaerobic and
aerobic treatments have received greater
attention over the past decades due to their
numerous advantages such as low energy
consumption, low chemical consumption, low
sludge production, vast potential of resource
recovery, less equipment required and high
operational simplicity (Anijioforet al, 2017;
Marthe et al, 2010; Sylla et al, 2018).
However, conventional anaerobic and aerobic
systems are found to have operational
limitations in terms of long Hydraulic
Retention Time (HRT), space requirement
and facilities to capture biogas (Chan et al,
2009). In view of the danger associated to
discharge of domestic wastewater with high
COD and BOD to receiving rivers and in a
bid to protect the environment from further
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pollution, this research work developed
nanocomposite adsorbents by blending Silver
Oxide (Ag) and Zinc Oxide (ZnO)
nanoparticles with kaolin clay from Kutigi in
Niger State, Nigeria to remove COD and
BOD from domestic wastewater.

Advances in nanoscale science has shown that
many of the current problems in water quality
could be resolved by using nanocomposite
(Berekaa, 2016; Abdullah et al, 2017),
bioactive nanoparticles (Sukdeb et al, 2007;
Thabet et al, 2010; Njagi et al, 2010; Vikas et
al, 2013; Benakashani et al, 2016; Shittu and
Ikebana, 2017), nanostructured catalytic
membranes (Rui et al, 2013), nanotubes,
magnetic nanoparticles (Ming et al, 2012;
Sulekha, 2016; Vikas et al, 2013), high
surface area metal particle (Ralf et al, 2011;
Sierra et al, 2018; Maity et al, 2018) with
characteristic length scales of 9-10 nm
(Haijiao et al 2016). As an environmentally
friendly material, nanocomposite adsorbents
could efficiently remove heavy metals (Ming
et al, 2012), Chromium VI (Rui et al, 2013),
enhance adsorption of lead ion (Yang et al,
2008) and use as antibacterial application
(Getie S et al, 2017b; Haritha et al, 2011;Ying
et al, 2017; Stoyanova et al, 2013). However,
it wasnoticed that none of the research work
reviewed, reported the blend of silver and zinc
oxide nanoparticles on kaolin clay support
from Kutigi, Niger State, to remove COD and
BOD from wastewater collected via
household sewers.

Kaolin clay, an aluminosilicate mineral
(‘Yahayaet al, 2017; Kuranga et al 2018), is
classified as potential solid mineral in Nigeria
(NBS, 2017). There is deposit of kaolin clay
in 13 local government areas of the state
namely, Agaie, Bida, Bosso, Edati, Gbako,
Katcha, Lapai, Lavun, Mashegu, Mokwa,
Paikoro, Shiroro and Wushishi. The kaolin
clay minerals are widely utilized for
agriculture, ceramics (Auta and Hameed,
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2013), environmental applications (Murray,
2000), absorbents (Saikia et al, 2003; Bachiri
et al, 2014) and wastewater treatment (Chun
et al, 2013; Cheng et al, 2017), production of
metakaolin (Kuranga et al, 2018; Wilson et
al, 2017). Attention is on clay materials
because of their sheet-like structures that
provides high specific surface area (Dhaval &
Painter, 2017; Sachin et al, 2013; Aroke and
Onatola, 2016).
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MATERIALS AND METHODS
Materials Collection

Mangifera Indica Leaves for green synthesis
of silver and zinc nanoparticles were collected
from River Basin Estate, Tundun Fulani,
Minna. The kaolin clay was collected from
Kutigi, Nigeria. The domestic wastewater
was collected via sewer that connected toilets,
baths, showers, kitchen and sinks together.
Analytical grade chemicals and reagents
used in this research work are listed in Table
1.

Table 1: List of Reagents/Chemicals

S/IN  Chemical/Reagents Formula % Purity  Manufacturer Uses
1 Silver Nitrate AgNO3 99.5 BDH Chemicals Ltd., To produce silver
Poole, England nanoparticles
2 Deionised Distilled DDW 0.5 uS/em  FMWR — NWQRL Minna  To produce Mangifera
Water Indica leave extract
3 Zinc Sulphate, ZnS04.7H,0 99 LOBA Chemie, Mumbai, To produce Zinc Oxide
(Heptahydrate), India nanoparticles
4 Zinc Chloride ZnCl 99.5 JT Baker Limited, To remove nutrients
Philipsburg USA from raw clay
5 Ethanol C2HsOH 96 EMD Millipore To clean Ag and ZnO
Corporation, Germany nanoparticles
6 Hydrogen Peroxide H;0: 30-32 BDH Chemicals Ltd.,, To oxide organic matter

Solution

Poole, England

Beneficiation of Kaolin Clay

200 g of raw kaolin clay lumps were put in 4
Litres Beakers with 4 Litres of distilled water
added. This represents 5 % w/w kaolin clay
slurry in distilled water. The Beaker was
stirred for 1 hour using Heildolph RGL500
high viscosity stirrer at control speed of 40
revolutions per minute for adequate
dispersion in distilled water. The resulting
mixture was allowed to swell in distilled
water for 22 hrs 57 mins as calculated by
Stoke’s Law using equation 1.
2

ug = Lo (1)
Where p, = particle density, kg/m® (Kaolin
clay particle = 1600 kg/m3), u = liquid
viscosity, kg/m.s (distilled water = 8.90 x

1074 Pa-s), p,, = density of water, kg/m? (997
kg/m?), us= Particle settling velocity, m/s, d,,
= diameter of particle (m), g = acceleration
due to gravity, m/s?(9.81 m/s?), t = Settling
Time, R = particle size (radius) of clay,
assumed to be spherical (1pm =1 X 10°m), h
= Settling Height of Fluid (12 cm = 0.12 m),
The resultant slurries were thereafter dried in
a laboratory oven at a temperature of 105 °C
until the water is evaporated and the samples
weight became constant. Acid activation was
done by treating the beneficiated kaolin clay
with 0.5 M of HCI to remove carbonate,
washed by 10 % Hydrogen Peroxide (H20,)
to oxide organic matter (Bachiri et al, 2014)
and NaCl to remove nutrients (Cheng et al,
2017). The residue from filtration was washed
several times with distilled water and
monitored until pH 7. The percentage yield
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(YY) of the beneficiated clay was calculated
using equation 2.

Y = Mass of Purified Kaolin Clay

)
Green Syntheses of ZnO Nanoparticles

10 g of Zinc Sulphate Heptahydrate
(ZnS04.7H20) powder was measured and put
in 250 mL volumetric flask. DDW was added
to 100 mL mark of the volumetric flask. The
resultant mixture was stirred using a magnetic
stirrer at 150 rpm for 30 minutes. 50 mL
volume of the prepared concentration was
collected and put in another 100 mL conical
flask. The conical flask was put on the hot
plate and temperature set to 80 °C. Mangifera
Indica leave (Maity et al, 2018) extract
(titrant) was put in a burette, ready for
titration. The solution was titrated, while
continuously stirred at 80 °C until the light-
yellow colour was formed (Sierra et al, 2018;
Daizy, 2010). The titration was stopped
immediately colour change was observed
(Manokari and Mabhipal, 2016;
Thirunavukkarasu et al, 2016). The stirring
continued for 10 mins until a colloid was
obtained. The solution consumed 4.9 mL of
titrant. The resultant mixture was filtered and
cleaned with reagent-grade ethanol and
washed with DDW until the pH 7 was gotten.
The precipitate was oven-dried at 105 °C for 6
hours and calcined in the furnace at 450 °C
for 3 hours to obtain ZnO-NP. The ZnO-NP
obtained was kept in a glass bottle for further
characterisation and use.

x 100%

Mass of Raw Kaolin Clay

Green Synthesis of Ag Nanoparticles

5 g of AgNOs (Thabet et al, 2010) powder
was measured and synthesised as previously
stated in (B) above. The conical flask was
rapped with aluminium foil to avoid the photo
degradation of silver during titration on the
hot plate at 70 °C (Njagi et al; 2010; Shittu
and lkebana (2017; Vikas et al, 2013) The
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solution consumed 2.8 mL titrant. The dried
Ag-NP obtained was kept in a glass bottle for
further characterisation and use.

Production of Nanocomposite Adsorbents

The experimental procedures to produce
BKC/Ag, BKC/ZnO, BKC/Ag/ZnO
nanocomposites adsorbent for removal of
heavy metal contaminants from domestic
wastewater are as follows:

Synthesis of BKC/ZnO nanocomposites

1 g of ZnS04.7H20 powder was dissolved in
50 mL of DDW and stirred with magnetic
stirrer for 30 min at 150 rpm. 50 mL of the
prepared concentration was put in 100 mL
conical flask. The conical flask was put on the
hot plate and titrated, while continuously
stirred at 80 °C with Mangifera Indica leave
extract until the light-yellow colour was
formed. The solution consumed 2.6 mL of the
titrant. To the suspension formed, 10 g of
BKC was dispersed under vigorous stirring
for 1 hour at 40 rpm. A homogeneous gel
obtained was filtered by Whatman No. 1 filter
paper and washed with DDW until the pH 7
was gotten. The gel was oven-dried at 105 °C
for 6 hours and calcined in the furnace at 450
°C for 3 hours to obtain BKC/ZnO
nanocomposite adsorbent.

Synthesis of BKC/Ag Nanocomposite

0.5 g of AgNO3s powder was dissolved in 50
mL of DDW and stirred for 30 min at 150
rpm. The prepared concentration was
processed as described in (1) above, but
stirred at 70 °C.

Synthesis of BKC/Ag/ZnO Nanocomposite

0.5 g of AgNO3 and 1 g of ZnSO4.7H20 were
dissolved in 50 mL of DDW and stirred to get
a precursor. The prepared concentration was
processed as described in (1) above to obtain
BKC/Ag/ZnO nanocomposite adsorbent.
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BKC/zZnO, BKC/Ag/ZnO nanocomposites
adsorbents were analysed using the stated

haracterisation : .
Characterisatio equipment in Table 2 below.

The structural changes in the beneficiated
kaolin clay, Ag-NP, ZnO-NP, BKC/Ag,

Table 2: Characterisation of Ag/ZnO Nanoparticles, BKC/Ag, BKC/ZnO, BKC/Ag/ZnO
Nanocomposites Adsorbents
S/IN  Test Equipment and Model Uses Parameters

1 X-Ray Diffractometer Determination of mineral  Percent of Kaolinite,
(XRD), Emma 0141, GCB phases and compounds in  Quartz and Muscovite

Location

University of South
Africa (UNISA),

SCIENTIFIC EQUIPMENT  materials. Study of in the Beneficiated Johannesburg,
crystal structure of the kaolin clay (BKC) and  South Africa
mineral phases and Nanocomposites (NCs)
compounds in materials ~ adsorbents

2 Dispersive X — Ray Chemical analyses of Al;Oz and SiO2 in BKC  UNISA,

Fluorescence (XRF) materials adsorbents Johannesburg,

Machine, EDXRF-3600B,
OXFORD INSTRUMENT

South Africa

3 HRTEM, TECNAI G2, FEI Determination of Crystal pattern and UNISA,
Netherlands Microstructure and Selected Area Electron  Johannesburg,
particle size of materials  Diffraction (SAED) of  South Africa
the BKC, NCs, Ag and
ZnO nanoparticles
4 BET Nitrogen Absorption Determination of Pore Specific surface area, UNISA,
Analyser, TriStar 11 3020, sizes, Pore Volumes and  pore size and volume Johannesburg,
MICROMETRICS, USA Surface Areas of the BKC, NCs, Ag South Africa
and ZnO nanoparticles
5 UV — Spectrometer, UV — Determination of purity Spectrum peak Centre for Genetic

and concentration of a

1800 SHMADZU, Japan
solution

formation of Ag and
ZnO nanoparticles

Engineering and
Biotechnology,
FUT Minna

Wastewater Analyses

Wastewater were analysed to determine
COD and BOD concentration. The COD and
BOD were analysed by colorimetric and
titrimetric methods respectively in line with
21% Edition of American Public Health
Association  (APHA, 2017) Standard
Methods for Examination of Water and
Wastewater.

Adsorption Capacity

The adsorption capacity of BKC, BKC/ZnO,
BKC/Ag and BKC/Ag/ZnO to remove COD
and BOD from the wastewater was tested
using both Langmuir isotherms and
Freundlich models. The effect of contact

time, dosage and temperature were
investigated at 10 - 60 mins, 5 — 30 g and 30
— 80 °C respectively.

Langmuir isotherm

The rate change of concentration due to
adsorption equals to the rate of concentration
due to desorption as expressed in equation 3.
Ce 1 Ce

de Qb Qo )
Where Ce = Equilibrium concentration
(mg/l), q. = Amount adsorbed at
equilibrium time (mg/g), Q, = Langmuir
constants derived from the slope, b =
Langmuir constants derived from the
intercept, The values of the Langmuir
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constants were calculated from the intercept
and slope of the plot of =% versus Ce. The

dimensionless separation factor expressed on
favourable adsorption nature was calculated
from equation 4.

1

R = a5 )

Where C; = Initial concentration of the
wastewater (mg/l), b = Langmuir constant
(I/mg), R,= indicate the type of isotherm as
shown in Table 3

Table 3:1sotherm Type
R, Value Type of Isotherm

R,>1 Unfavourable
R, =1 Linear

R;<1 Favourable
R; =0 Irreversible

Freundlich isotherm

Freundlich isotherm (lkhazuangbe et al,
2017) is expressed as shown in equation 5:

1
KfCon ()

However, the linearized  Freundlich
adsorption isotherm can be expressed as
shown in equation 6.

Log q. = Log K¢ + % Log C, (6)

Where C, = Equilibrium concentration, g,

= Adsorption capacity at equilibrium
stage, Kr and n = Freundlich constants
which incorporates all factors affecting the
adsorption process (adsorption capacity and
intensity). Values of K and n were obtained
from the intercept and slope of a plot of
adsorption capacity (q,.) against equilibrium
concentration (C,). Both parameters Ky and
n affect the adsorption isotherm. The larger
the Kr and n values, the higher the
adsorption capacity (lkhazuangbe et al,
2017). When the value of n is greater than
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unity (1< n < 10) that means adsorption
process is favourable (Bashir et al, 2013).

Thermodynamic studies

The thermodynamic parameters of the
adsorption process were determined from
the experimental data obtained at various
temperatures using equations 7 - 10 (Bashir
et al, 2013; lkhazuangbe et al, 2017; Al-
Kadhi, 2019).

AG = —RTInK, 7

Kq = g—: (8)
ASo AHo

lnkh = % T & (9)

AGo = AHo — TASo (10)

Where Kd = Distribution coefficient for the
adsorption, g, = Amount of contaminants
adsorbed on the adsorbent per litre of
wastewater at equilibrium, Ce= Equilibrium
concentration (mg/L) of the contaminants in
wastewater, T = Absolute temperature, R -
Gas constant, AGo = Gibbs free energy
change (kj/mol), AHo = Enthalpy change
(kj/mol), ASo = Entropy change (J/K).

RESULTS AND DISCUSSION
Characterisation Results
XRD analyses

The XRD patterns for raw kaolin clay, BKC,
Ag -NP, ZnO-NP, BKC/Ag, BKC/zZnO and
BKC/Ag/ZnO were presented in Figures 1
and 2. The broad peaks formation of XRD
pattern showed that the raw kaolin clay,
beneficiated kaolin, ZnO nanoparticles,
BKC/Ag, BKC/ZnO and BKC/Ag/ZnO were
polycrystalline while Ag nanoparticles were
monocrystalline in nature. The Interplanar
spacing and average crystalline sizes
obtained as shown in Table 4 ranged from
1.775 nm — 4.712 nm and 26.834 nm -
40.258 nm respectively, at Scherrer’s
constant of 0.94 and wavelength (A)of
1.5406 A. The XRD results confirmed that
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nanoparticles and nanocomposites
adsorbents have been successfully produced
in this research work. The indexed peaks are
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kaolinite while the unindexed peaks are the
impurities which are quartz and muscovite
as labelled in Figures 1 and 2.

0,0,2

00.1 (24.82,100)

(12.30, 60)

1,-11
(26.58,100)

0,0,2
001  (24.80,60)

(12.29,60)

Intensity (a.u)

1,-31 -3.13
(38.52, 30.0)

Q = Quiartz h,k,j
M = Muscovite (26, I/To*100 %)

(60.13, 25.0)
M (B)

-3,-31

2:2.3 (62.24, 25.0)

(50.07, 25.0)

50 60 70 80

20 (Degree)

Figure 1: XRD patterns of (A) Raw kaolin and (B) beneficiated kaolin

The data obtained were matched with the
database of Joint Committee on Powder
Diffraction Standards (JCPDS) file No. 00-
004-0783. The JCPDS file revealed the
maximum diffraction peaks formation for
raw kaolin clay, BKC, BKC/Ag, BKC/ZnO

and BKC/Ag/ZnO at 24.82°, 26.58°, 26.60°,
26.63%nd 26.61°which correspond to the
crystallographic orientation (h,k,j) of (0,0,2),
@1, -1,1), (111, (1, -1,1) and (1,1,1),
respectively at relative intensity of (1/10*100
%) as shown in Figures 1 and 2.
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Figure 2: XRD patterns
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of (A) BKC/Ag (B) BKC/ZnO and (C) BKC/Ag/ZnO

Table 4:Crystallite Size of Ag-NP, ZnO-NP, BKC, BKC/Ag, BKC/ZnO and BKC/Ag/ZnO

Diffraction Angle, 20

d- spacing, (hm)  Crystallite Size, D, (nm)

Raw Kaolin 3.499 40.258
BKC 3.532 28.114
Ag Nanoparticles 1.775 30.629
ZnO Nanoparticles 3.435 32.038
BKC/Ag 3.818 25.574
BKC/zZnO 4,712 35.692
BKC/Ag/ZnO 3.887 26.934

XRF analyses

The XRF analysis was further carried out on
ZnO-NP,
BKC/Ag, BKC/ZnO and BKC/AQ/ZnO as

the

obtained Ag-NP,

shown in Table 5. The SiO2/Al;O3 ratios of
BKC/Ag, BKC/ZnO and BKC/Ag/ZnO
nanocomposites adsorbents ware 1.5170,
1.4818 and 1.5231 respectively. The
SiO2/AlxO3 ratio, a function of the mineral

BKC,



phase present in BKC/Ag, BKC/ZnO and
BKC/Ag/ZnO nanocomposites, indicated
that a purer kaolinite has been produced
when compared with the raw kaolin clay
ratio of 1.54. The closer the SiO2/Al>Oz ratio
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to unity the purer the kaolin. Loss on
ignition (LOI) for BKC/Ag, BKC/ZnO and
BKC/Ag/ZnO nanocomposites adsorbents
was found to be 9.61%, 16.31% and 12.37 %
respectively.

Table 5:Mineralogy composition of Ag-NP, ZnO-NP, BKC, BKC/Ag, BKC/ZnO and

BKC/Ag/ZnO
Compound Raw Beneficiated ZnO Ag BKC/Ag BKC/ZnO BKC/Ag/ZnO
Kaolin  Kaolin Clay Nanoparticles Nanoparticles
Clay (%)
Fe203 % 1.23 1.24 0.01 0.00 1.00 1.04 0.97
MnO % 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Cr203 % 0.02 0.02 0.01 0.00 0.03 0.03 0.02
V205 % 0.00 0.00 0.00 0.00 0.03 0.03 0.02
TiO2 % 1.69 1.75 0.05 0.01 1.61 1.69 1.58
Ca0 % 0.33 0.02 0.18 0.02 0.00 0.09 0.05
K20 % 0.61 0.63 0.42 0.01 0.56 0.53 0.54
P20s5 % 0.07 0.05 0.04 0.00 0.05 0.04 0.03
SiO2 % 52.64 48.55 0.00 0.00 45.80 44.13 46.21
Al2Os % 34.18 35.95 0.02 0.00 30.19 29.78 30.34
MgO % 0.23 0.03 0.06 0.00 0.00 0.00 0.00
Na20 % 0.11 0.14 9.21 0.02 0.18 1.16 0.40
LOI % 8.90 11.62 52.13 51.10 9.61 16.31 12.37
Total 100 100 62.15 53.56 89.10 94.82 92.55
SiO2/Al203 1.54 1.35 0.000 0.000 1.517 1.4818 1.5231

Ratio

HRTEM Analysis

The crystal patterns of the raw kaolin clay
are presented in Plates | (a — b). The
crystallinity of the kaolin clay was examined
using Selected Area Electron Diffraction

(SAED) pattern as shown in Plates I (c). The
bright spots and rings of the SAED pattern
suggested that the raw kaolin clay, is
polycrystalline in nature.

Plate I: HRTEM (a b) and SAED (c) Images of Raw Kaolln Clay



HRTEM images in Plate Il (a — b) showed
the structure of the BKC with kaolinite
particles of varying sizes arranged in face-
to-face patterns. The crystal structure in
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Plate 11 (c) showed bright rings of SAED
patterns which are polycrystalline, with each
ring depicted diffraction pattern of BKC
particles.

Plate II:HRTEM (a—b) and SAED (c) Images of Beneficiated Kaolln Clay Adsorbent

The crystallinity of Ag-NP was examined
using SAED pattern and the results are
presented in Plate Il (a - ¢). The bright spots
and rings of the SAED patterns suggested

the Ag-NP is monocrystalline in nature.
SAED resolution pattern are consistent with
the XRD and XRF results of Ag-NP as
earlier stated in this study.

Ag lattice

Plate I11: HRTEM (a - b) and SD (c) Images of BKC/Ag Nanocomposﬂe Adsorbents

The crystal structure of ZnO-NP was
analysed by HRTEM to know the crystal
pattern at the scales approaching a single
atom as presented in Plate IV (a — b). The

SAED pattern in Plate IV (c) showed faded
circles which suggested that the ZnO-NP is
polycrystalline in nature.
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Plate IV: HRTEM (a—b) and SAED (c) Images of BKC/ZnO Nanocomposite Adsorbents

The heavy dark colour images in V (a - b)
indicated the presence of silver atoms and
impregnation of Ag-NP on BKC, while the
grey colour indicated crystal of different
sizes. The bright spots and rings of the
SAED pattern in Plate V (c) suggested that

50

The heavy dark colour images in VI (a - b)
indicated the presence of zinc atoms and
impregnation of ZnO-NP on BKC as
previously described in plate V. The bright

the BKC/Ag nanocomposite adsorbentis
polycrystalline. The HRTEM images and
SAED resolution pattern obtained were
consistent with the results of XRD and XRF
characterization in this study.

Plate V: HRTEM (a—b) and SAED (c) Images of BKC/Ag/ZnOanocomposite Adsorbents

spots and rings of the SAED pattern
suggested that the nanocomposite adsorbent
produced is polycrystalline in nature.
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Plate VI: HRTEM (a —b) and SAED (c) Images of BKC/ZnO Nanocomposite Adsorbents

HRTEM images in Plate VII (a — b) clearly
showed the impregnation of Ag-np and
ZnO-np on BKC.The heavy dark colour
images in Plate VII (c) indicated the
presence of zinc and silver atoms, while the

g
3
S

BET analyses

Nitrogen (N2) adsorption-desorption
isotherm of the BKC, BKC/Ag, BKC/ZnO
and BKC/Ag/ZnO nanocomposites
adsorbents are displayed in Figures 3, 4, 5
and 6. The nanocomposite adsorbents
produced belongs to type 1V isotherm with a
hysteresis loop, which resulted from
capillary condensation in the mesopores
(diameter, 2 < d < 50 nm) at the relative
pressure range of 0.45 0.9, P/Po.
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Plate Iflr:HRTEM (a e) and SAED Q) Iages of BKC/Ag/ZnO Nnocomposite Adsorbent

light or grey colour indicated crystal of
different sizes. The HRTEM images and
SAED resolution pattern obtained were
consistent with the earlier results of XRD
and XRF characterisation.

The quasi-overlapping adsorption-desorption
curves of the produced nanocomposite
adsorbents indicated that the N> adsorption-
desorption isotherm curve of the adsorbents
are classified as Type 1V, indicating a purely
mesoporous material with small pore
size.The adsorption isotherms of BKC,
BKC/Ag, BKC/ZnO and BKC/Ag/ZnO rose
progressively during the relative pressure
range of 0 — 0.4 P/Po (Figures 3 — 6), which
means mono-molecule layer adsorption
occurring on the surface.
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N, Adsorption-Desorption Isotherms of Beneficiated Kaoline Clay
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Figure 3: N2 Adsorption-Desorption Isotherms of Beneficiated Kaolin

N, Adsorption-Desorption Isotherms of BKC/AgO Nanocomposite
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Figure 4:N, Adsorption-Desorption Isotherms of BKC/Ag Nanocomposite
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N, Adsorption-Desorption Isotherms of BKC/ZnO Nanocomposite
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Figure 5:N2 Adsorption-Desorption Isotherms of BKC/ZnO Nanocomposite

N, Adsorption-Desorption Isotherms of BKC/AgO/ZnO
Nanocomposite
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Figure 6:N2 Adsorption-Desorption Isotherms of BKC/Ag/ZnO Nanocomposite

The adsorption curves rose steadily,
resulting in the saturation of mono-molecule
layer adsorption followed by the multi-
molecular layer adsorption. When the
relative pressure was 0.4 — 0.9 P/Po, the
desorption branch was obviously higher than
the adsorption branch, along with the
appearance of capillary condensation, which

resulted in the hysteresis loop. At the
relative pressure of 0.4 — 0.9 P/Po, the
adsorption branch and desorption branch
suddenly rose and coincided at the end.

Also, the occurrences of hysteresis loops
indicated that the BKC, BKC/Ag, BKC/ZnO
and BKC/Ag/ZnO had a lot of mesopores.
Similarly, the smaller adsorption amount at
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P/Po < 0.4 and the large adsorption amount
at P/Po > 0.9 showed that the BKC/Ag,
BKC/ZnO and BKC/Ag/ZnO had a certain
number of macropores (d > 50 nm) and a
small amount of micropores (d < 2 nm). This
particular characteristic is ascribed mainly to
mesoporous  structures. Furthermore,
hysteresis loops of the BKC, BKC/Ag,
BKC/ZnO and BKC/Ag/ZnO belong to type
H3, demonstrating that wedge-shaped pores
took the primary position in the
nanocomposite  adsorbents. The BET
analysis results showed the BKC, BKC/Ag,
BKC/ZnO and BKC/Ag/ZnO as promosing
materials to be used as adsorbent for filter
production.

Domestic Wastewater Analyses

Domestic wastewater collected was analysed
to determine the concentration of COD and
BOD in the initial wastewater before
treatment using BKC, BKC/Ag, BKC/ZnO
and BKC/Ag/ZnO nanocomposite
adsorbents. The obtained analytical results
for BOD and COD, in the domestic
wastewater collected, were 30.6 mg/L and
312 mg/L respectively. These results were
found to be far above the maximum
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permissible limit of 4 mg/L and 30 mg/L set
for BOD and COD by NESREA, 2011, and
therefore treatments were required.

Adsorption Studies
Effect of contact time

The effect of contact time on the adsorption
of COD and BOD onto BKC, BKC/ZnO,
BKC/Ag and BKC/Ag/ZnO nanocomposites
adsorbents was studied at contact time of 10,
20, 30, 40, 50 and 60 mins using an
adsorbent dosage of 25 ¢/100 mL of
wastewater at a temperature of 29.5 °C and
pH of 6.9. It was observed that a reduction
in the fraction of COD and BOD occurred
with corresponding increase in the contact
time for the produced nanocomposite
adsorbents as presented in Table 6. Rapid
adsorption rates were obtained between the
contact time of 10 — 40 mins. On reaching
the equilibrium adsorption, the rate of
adsorption equals the rate of desorption;
therefore, the slow uptake and the slight or
no decrease in COD and BOD concentration
removal with further increase in contact time
might be due to saturation of the surface area
of the adsorbent with pollutants.

Table 6: Effect of Contact Time

Adsorbents Wastewater Effect of contact time on COD concentration (mg/L)
(mg/L) 10Mins 20 Mins 30 Mins 40 Mins 50 Mins 60 Mins

BKC 312 37.2 26.04 23.436 23.202 22.738 22.738
BKC/znO 312 37.1 25.97 23.373 23.139 22.676 22.676
BKC/Ag 312 36.9 25.83 23.247 23.015 22.554 22.554
BKC/Ag/ZznO 312 34.2 23.94 21.546 21.331 20.904 20.904

Effect of contact time on BOD concentration (mg/L)
BKC 30.6 5.23 3.661 3.2949 3.262 3.197 3.197
BKC/znO 30.6 8.49 5.943 5.3487 5.295 5.189 5.189
BKC/Ag 30.6 8.48 5.936 5.3424 5.289 5.183 5.183
BKC/Ag/ZznO 30.6 8.25 5.775 5.1975 5.146 5.043 5.043
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Effect of dosage
The effects of adsorbent dosage when
treated with BKC, BKC/ZnO, BKC/Ag and
BKC/Ag/ZnO nanocomposites adsorbents to
remove the COD and BOD concentration
from wastewater was studied at adsorbent
dosages of 5 — 30 g, constant pH of 6.9,
temperature of 29.4 °C and contact time
fixed at 30 mins. The higher the adsorbent
dosages used in the treatment, the higher the
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COD and BOD concentration removal
efficiencies from the wastewater. The
observed trend in terms of COD and BOD
removal were BKC/Ag/ZnO > BKC/Ag >
BKC/ZnO > BKC as shown in Table 7. This
is because of an increase in the availability
of the active binding exchangeable sites and
large surface areas of the adsorbents
(Abukhadra and Mohamed, 2019).

Table 7:Effect of Dosage

Wastewater Effect of contact dosage on COD concentration (mg/L)

Adsorbents (mg/L)

59 10g 159 209 25¢ 304¢
BKC 312 144 101 90.7 89.8 88.0 88.0
BKC/ZnO 312 138 96.6 86.9 86.1 84.3 84.3
BKC/Ag 312 139 97.3 87.6 86.7 85.0 85.0
BKC/Ag/znO 312 130 91.0 81.9 81.1 79.5 79.5

Effect of contact dosage on BOD concentration (mg/L)
BKC 30.6 15.2 10.64 9.576 9.480 9.291 9.291
BKC/ZnO 30.6 14.3 10.01 9.009 8.919 8.741 8.741
BKC/Ag 30.6 13.7 9.59 8.631 8.545 8.374 8.374
BKC/Ag/ZznO  30.6 12.9 9.03 8.127 8.046 7.885 7.885

Effect of temperatures

The effect of temperatures on the adsorption
of COD and BOD concentration onto BKC,
BKC/znO, BKC/Ag and BKC/Ag/ZnO
nanocomposites adsorbents was studied at
temperature of 30, 40, 50, 60, 70 and 80 °C
using an adsorbent dosage of 25 g/100 ml of
wastewater at a temperature of 29.5 °C and
pH of 6.9. The increase in temperature from
30 °C- 80 °C for the nanocomposite

adsorbents gradually increased heavy metal
adsorption. Slow uptake of pollutants was
observed from 70 - 80 °C for nanocomposite
adsorbent as presented in Table 8. The slow
uptake and the slight or no increase in
concentration removal with further increase
in temperature might be due to saturation of
the surface area of the adsorbent with
pollutants.
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Table 8:Effect of Temperature

Adsorbents Wastewater Effect of contact temperature on COD concentration (mg/L)
(mg/L) 30°C 40°C 50°C 60°C 70°C 80°C
BKC 312 37.2 26.0 22.1 19.9 16.7 16.5
BKC/zZnO 312 37.1 26.0 22.1 19.9 16.7 16.5
BKC/Ag 312 36.9 25.8 22.0 19.8 16.6 16.4
BKC/Ag/znO 312 34.2 23.9 20.3 18.3 154 15.2
Effect of contact temperature on BOD concentration (mg/L)
BKC 30.6 5.23 3.661 3.1119 2.801 2.353 2.325
BKC/zZnO 30.6 8.49 5.943 5.0516 4.546 3.819 3.774
BKC/Ag 30.6 8.48 5.936 5.0456 4,541 3.814 3.769
BKC/Ag/znO 30.6 8.25 5.775 4.9088 4418 3.711 3.667

Adsorption Isotherm
Langmuir isotherms

Tables 9 showed the Langmuir model
isotherm for the determination of Q,and b.
From the slopes and intercepts of the plots of

? versus Ce for the removal of COD and

BOD in wastewater, the model showed the
multilayer adsorption patterns and the fitting
to the heterosporous nature of BKC,
BKC/znO, BKC/Ag and BKC/Ag/ZnO
nanocomposite adsorbents. It was evident
that the linear correlation coefficients (R?)

BKC/Ag/ZnO nanocomposite adsorbents in
the removal of COD and BOD were all
greater than 0.90. This showed that the
experimental data moderately fit Langmuir
adsorption isotherm. The calculated R;
values for COD and BOD gave an indication
of the favourability of the adsorption process
and type of the isotherm which is R, < 1.The
results show that BKC, BKC/Ag, BKC/ZnO
and BKC/Ag/ZnO nano  composite
adsorbents corresponded to the Langmuir
model.

for BKC, BKC/znO, BKC/Ag and
Table 9: Langmuir Adsorption Isotherm Constants for BKC, BKC/Ag, BKC/ZnO and
BKC/Ag/ZnO
Parameters Sample Intercept=  Slope = Qo b R; R?
1/Qob 1/Qo
COD BKC 0.1441 0.0014 714.2857 0.009715  0.248063 0.9842
BKC/Ag 0.1437 0.0013 769.2308 0.009047 0.261606 0.9951
BKC/zZnO 0.1511 0.0013 769.2308 0.008604 0.271421 0.9904
BKC/Ag/znO 0.1423 0.0013 769.2308 0.009136  0.259719 0.9917
BOD BKC 0.1020 0.0085 117.6471 0.083333  0.28169 0.9524
BKC/Ag 0.1007 0.0075 133.3333 0.074479  0.304967 0.9735
BKC/zZnO 0.0914 0.0078 128.2051 0.085339  0.276903 0.9782
BKC/Ag/znO 0.0661 0.0087 114.9425 0.131619 0.198905 0.9784




The Langmuir plots of % versus Ce for the
removal of COD and BOD exhibited
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linearity and good correlation coefficient as
presented in Figure 7 (a— h).
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Figure 7 (a—h): Langmuir Adsorption Isotherm for COD and BOD Removal
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Freundlich adsorption isotherm

Table 10 showed the Freundlich model
isotherm values of Ky and n obtained from
the intercept and slope of a plot of
adsorption capacity ( q.) against equilibrium
concentration (C,). Both parameters Ky and
n affect the adsorption isotherm. The larger
the Krand n values, the higher the adsorption
capacity. From the plot of adsorption
capacity ( gq.) against equilibrium
concentration (C,) for the removal of COD
and BOD in wastewater, the model showed
the multilayer adsorption patterns and the
fitting to the heterosporous nature of BKC,
BKC/Ag, BKC/ZnO and BKC/Ag/ZnO nano
composite adsorbents. It was evident that the
linear correlation coefficients (R?) for BKC,
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BKC/znO, BKC/Ag and BKC/Ag/ZnO
nanocomposite adsorbents in the removal of
COD and BOD were greater than 0.90. This
showed that the experimental data
moderately  fit  Freundlich  adsorption
isotherm. The larger the Krand n values, the
higher the adsorption capacity. Furthermore,
the magnitude of the exponent n gave an
indication of the favourability of the
adsorption process. When the value of n is
greater than unity (1< n < 10), the adsorption
process is favourable. The calculated n
values for COD and BOD gave an indication
of the favourability of the adsorption process
as shown in the Table 10. The values of R?
were very close to unity, showing a strong
agreement with the Freundlich isotherm.

Table 10: Freundlich Adsorption Isotherm Constants for BKC, BKC/Ag, BKC/ZnO and

BKC/Ag/ZnO
Parameter Sample Intercept Slope= n K R?
=log K 1/n
COD BKC 1.3812 0.5729 1.745505 24.0547 0.9588
BKC/Ag 1.3598 0.5929 1.686625 22.89813 0.9775
BKC/zZnO 1.3367 0.5978 1.672800 21.71201 0.9741
BKC/Ag/ZnO 1.3495 0.6015 1.662510 22.36145 0.9723
BOD BKC 1.0437 0.6800 1.470588 11.05860 0.9718
BKC/Ag 1.0508 0.7013 1.425923 11.24087 0.9866
BKC/zZnO 1.0915 0.6762 1.478852 12.34525 0.9879
BKC/Ag/ZnO 1.1970 0.6249 1.600256 15.73983 0.9680

The Freundlich adsorption plot of isotherm
values of Ky and n obtained from the
intercept and slope of a plot of adsorption
capacity ( q.) against equilibrium

concentration (C.). exhibited linearity and
good correlation coefficient as shown in
Figure 8 (a—h).
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Figure 8 (a— h): Freundlich Adsorption Isotherm for COD and BOD Removal
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Table 11: Thermodynamic Parameters of COD and BOD using BKC, BKC/Ag, BKC/ZnO and BKC/Ag/ZnO

Parameters Adsorbents Intercept  Slope R? R AS° AH° AG®
— 0 - -1
AS'R ;HO/R (k].T;OI 303 313 323 333 343 353
COD BKC 9.5828 -1841.2 0.9307 8.3145  79.67619  15308.66 - -9629.99 - - - -12817
8833.23 10426.8 112235 12020.3
BKC/zZnO 9.5844 -1840.8 0.9308 9.3145  89.27389  17146.13 - -10796.6 - - - -14367.6
9903.86 11689.3 12582.1 13474.8
BKC/Ag 9.5877 -1839.9 0.9308 10.3145 98.89233  18977.65 - -11975.7 - - - -15931.3
10986.7 12964.6 13953.5 14942.4
BKC/Ag/ZnO  9.6347 -1828.5 0.9312 11.3145 109.0118 20688.56 -12342  -13432.1 - - - -17792.6
14522.3 15612.4 16702.5
BOD BKC 9.4053 -1912.6 0.9284 8.3145  78.20037 15902.31 -7792.4 -8574.4 - - - -11702.4
9356.41 10138.4 10920.4
BKC/ZnO 9.3551 -2080.3 0.9226 9.3145  87.13808  19376.95 - -7897.26 - - - -11382.8
7025.88 8768.65 9640.03 10511.4
BKC/Ag 9.3548 -2079.7 0.9226 10.3145 96.49008 21451.07 - -8750.33 - - -11645  -12609.9
7785.43 9715.23 10680.1
BKC/Ag/ZnO  9.3488 -2066.8 0.9231 11.3145 105.777 23384.81 - -9723.39 - - - -13954.5
8665.62 10781.2 11838.9 12896.7




"ilJb:;Lx"‘
Enthalpy (4H), Gibb’s Free Energy (4G)
and Entropy (4S) of Adsorption

The values of enthalpy change (AH®) and
entropy change (AS°) were obtained from
the slope and intercept of In Kq versus 1/T
plots. The values of AH%nd AS°were found
to be positive for COD and BOD as
presented in Table 11. The positive values of
CONCLUSION

Nanocomposite adsorbents were successfully
produced and characterised. The efficacy of
the adsorbents produced in the removal of
COD and BOD concentration from domestic
wastewater followed this trend: BKC/Ag/ZnO
> BKC/Ag > BKC/ZnO > BKC. Both the
Langmuir and Freundlich isotherms models
were favourable, thus provided the good fits
for predicting the adsorption of COD and
BOD. AH° and AS° were positive which
showed that the adsorptions processes were
endothermic in nature. The nanocomposite
adsorbents produced IS therefore
recommended for use in the treatment of
domestic wastewater.
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