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A B S T R A C T   

This study evaluated the adsorption of some pollutants and water quality indicator parameters from tannery 
wastewater using natural kaolin and synthesized kaolin-TiO2 nanocomposites. Natural kaolin, TiO2 and kaolin 
with TiO2 were characterized by X-ray diffraction (XRD), nitrogen gas adsorption-desorption Brunauer-Emmett- 
Teller (BET), Fourier Transform Infrared (FTIR), High Resolution Scanning Electron Microscopy (HRSEM), En
ergy Dispersive Spectroscopy (EDX), Selective Area Electron Diffraction (SAED) and High Resolution Trans
mission Electron Microscopy (HRTEM). The results of the characterization showed addition of TiO2 nanoparticles 
onto kaolin influenced the particle morphology, phase identification, surface area and functional groups. Batch 
adsorption techniques were investigated under the influence of contact time, adsorbent dosage and temperature. 
The adsorption trend of the parameters onto the nanoadsorbents was in the order kaolin/TiO2>kaolin. Kaolin/ 
TiO2 nanoadsorbent with surface area of 53.80 m2/g showed high adsorption potentials for pollutants removal. 
Several adsorption isotherm and kinetic model were investigated. The adsorption data fitted well to pseudo- 
second order kinetic model. It was found that increase in temperature correspond to increase in the adsorp
tion of the pollutants and other parameters, indicating that the system was endothermic in nature. From the 
results obtained, it can be concluded that the kaolin-TiO2 nanocomposites is a promising nanoadsorbent for the 
adsorption of toxic pollutants in tannery wastewater than kaolin alone.   

1. Introduction 

In the last couple of years, population growth, migration, increasing 
urbanization, industrialization and climate change have influenced the 
supply and demand chain for freshwater resources. According to United 
Nations Department of Economic and Social Affairs (UNDESA, 2013), 
the world population is projected to reach 9.1 billion by 2050, and it is 
estimated that more than 2.4 billion people living in Sub-Saharan Africa 
(SSA) will be without access to sustainable water resources. In Nigeria, 
more than 63 million people do not have access to safe water, and 
thousands of the populace have resulted in consumption of unconven
tional water. This unsatisfactory report from water pollution shows that 
citizens are vulnerable to diseases such as typhoid, polio, cholera and 
dysentery (WHO, 2016). Among various organic and inorganic 

contaminants discharged into the environment, potentially toxic metals 
(PTM) also known as heavy metals have been identified as a possible 
cause of human diseases. The sources of heavy metals in water bodies 
include electroplating, mining, smelting, pharmaceuticals, battery 
manufacturing, textile and tannery industries. Specifically, tanning ac
tivities generates almost forty million litres of wastewater yearly, con
taining constituents such as chromium, chloride, lime with high 
dissolved salt and other contaminants (Ahmed et al., 2016). In most 
developing countries like Nigeria, tanning industries discharged 
wastewater without proper treatment into the sewage system have 
detrimental effects fauna and flora. Therefore, removal of toxic pollut
ants especially chromium and other related toxic metals in tannery 
wastewater is considered imperative. 

Different techniques such as chemical precipitation (Byambaa et al., 
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2018), solvent extraction (2017), ozonation (Ma et al., 2018), flotation 
(Antonyová and Antony, 2017), membrane separation (Brito et al., 
2019), reverse osmosis (Thaçi and Gashi, 2019) have been used for 
treatment of tannery wastewater. However, in spite of their prolific use, 
these methods are expensive, inadequate for removal of heavy metals in 
the range of 1–100 mg/L. Therefore, adsorption technology has become 
an ideal method for the removal of toxic contaminants from wastewater 
due to its simplicity, high efficiency, economical value and environ
mental friendliness. The use of nanoadsorbents for adsorption of pol
lutants is found to have unique properties applied in modern material 
sciences research (Burakov et al., 2018). The procedures involved in the 
production of these nanoscale based materials include chemical, phys
ical, irradiation, and biological methods and have resulted in environ
mental pollution. Therefore, the quest for clean, safe, eco-friendly, and 
less or nontoxic techniques for the synthesis of nanoparticles is 
desirable. 

Titanium oxide (TiO2) has been considered a non-toxic nanomaterial 
with a high concentration of hydroxyl groups, due to its chemical and 
photochemical stability (Qian et al., 2012). TiO2 nanoparticles can be 
prepared sol-gel, hydrothermal, precipitation, chemical vapour deposi
tion, microemulsion, laser ablation, thermal decomposition of organo
metallic precursor among others. Among these, the sol-gel method has 
been found to be the most outstanding due to the generation of 
high-quality surface morphologies (Sharma et al., 2014). Titanium di
oxide nanoparticles have been utilized in industrial and commercial 
applications for solar cells, memory devices, adsorption of pollutants 
and wastewater purifications (Liu et al., 2014; Lu et al., 2017). 

In recent times, the application of titanium dioxide (TiO2) has 
attracted much attention in the treatment of wastewater (Dariania et al., 
2016; Lin et al., 2018; Tijani et al., 2019). Although numerous in
vestigations have been carried out on the practical applications of these 
nanoparticles, some setbacks such as aggregation in the fluidized sys
tem, low surface area, separation from the treated water and fate in 
wastewater treatment were identified (Dale et al., 2015; Lofrano et al., 
2016). Researchers have continued to search for appropriate support 
materials to improve the efficiency of TiO2. For instance, Belver et al. 
(2016) worked on W-TiO2 anchored on clay for removal of atrazine; 
TiO2 nanoparticles immobilized on mesoporous silica for removal of 
dyes from wastewater by Maučec et al. (2017), TiO2 nanoparticles 
immobilized on macroporous clay-alumina as support for the removal of 
dye (Oun et al., 2017) and synthesized TiO2/zeolite for the removal of 
methylene blue dye by Setthaya et al. (2017). Among various support 
materials, clay mineral called “kaolin” has shown some unique proper
ties. Kaolin exhibits great advantages due to its high cation exchange 
capacity (CEC), chemical stability and low expansion coefficient (Uddin, 
2016). Its favourable properties which include high specific area and 
charged layer also aid adsorption on the sites of the kaolinite. For 
example, polyacrylic acid kaolin composite was successfully used for the 
removal of heavy metals from water (Barbooti et al., 2019). Until now, 
studies have shown that nanocomposites have the large ability and po
tential in the treatment of wastewater especially for adsorption/photo
catalyst but the use of TiO2/kaolin nanocomposites for the removal of 
pollutants from tannery wastewater is limited. Therefore, kaolin is 
selected as supporting material for titania in this research. 

This study report the preparation of kaolin-TiO2 nanocomposite via a 
sol-gel process. In this instance, nanosized TiO2 crystals were synthe
sized and immobilized on kaolin. In addition, the prepared materials 
were characterized using high-resolution scanning electron microscopy 
(HR-SEM), high-resolution transmission electron microscopy (HRTEM), 
Fourier-transformed infrared spectroscopy (FTIR), selective area elec
tron diffraction (SAED) and energy dispersive X-ray (EDX) analysis. The 
kaolin and kaolin/TiO2 nanoadsorbents were used for tannery waste
water treatment. 

2. Experiment 

2.1. Materials 

Raw kaolin was obtained from a clay deposit in Gbako Local Gov
ernment Area in Niger State, Nigeria. Titanium tetraisopropoxide (TTIP, 
97 %), sodium hydroxide (NaOH, ≥ 97 %), ethanol (≥ 99.5 %), acetic 
acid (CH3COOH, ≥ 99.85 %), nitric acid (HNO3, > 90 %), sodium 
hypochlrite (NaOCl), ethylenediamine tetraacetic acid disodium salt 
dihydrate (EDTA 2Na.2H2O), hydrogen peroxide (H2O2) and HCl (37 %) 
were procured from Sigma Aldrich. All the reagents/chemicals were 
analytical grade and used without further purification. Deionized water 
was used throughout the study. 

2.2. Pre-treatment on natural kaolin 

Natural kaolin was first pre-treated to remove residual impurities 
and improve its absorptive properties. A known volume (100.0 cm3) of 
0.5 M sodium hypochlorite solution was added to the prepared slurry 
(50 g clay and 200 cm3 de-ionized water). The resultant mixture was 
decanted and 10.0 cm3 of 0.5 M H2O2 was added for the further 
bleaching process. A suspension of kaolin (100 g/dm3) was transferred 
into a jar filled with deionized water and stirred for 30 min for particle 
size screening. Afterwards, the mixture was allowed to settle for 24 h. 
Supernatant from the jar was decanted and filtered. The filtrate was 
oven-dried at 100 ◦C for 24 h until there was complete dryness. 

2.3. Sol-gel synthesis of TiO2 nanoparticles 

TiO2 nanoparticles were prepared using a sol-gel described as follow: 
About 10 cm3 of TTIP was added to 100 cm3 of the deionized water, 
thoroughly stirred for 15 min using magnetic stirrer. The pH of the sol 
was adjusted to 8 using 0.1 M of sodium hydroxide and then stirred 
continuously for 1 h. The resulting gell was washed with ethanol fol
lowed by deionized water for three successive times and filtered using 
Whatman filter paper. The synthesized nanoparticles were dried in an 
oven at 100 ◦C for 2 h and later calcined in a muffle furnace at 450 ◦C for 
3 h. 

2.4. Synthesis of kaolin supported TiO2 nanoparticles 

Kaolin supported TiO2 nanoparticles were prepared by a wet 
impregnation method described as follow: About 5.0 g of the benefi
ciated kaolin was weighed and mixed with 2.0 g of TiO2 prepared under 
the same condition in section 2.3; followed by addition of 20 cm3 of de- 
ionized water and stirred at 150 rpm for 30 min. The resulting mixture 
(nanocomposite) was dried overnight in an oven at 100 ◦C, and later 
calcined at 450 ◦C for 3 h and then crushed to powder form for further 
analysis. 

2.5. Characterization 

Phase structure of the prepared materials was determined using 
powdered X-ray diffraction (PXRD) model Bruker AXS D8 Advance 
(USA) with Cu-Kα radiation. The surface morphologies of kaolin, tita
nium oxide and kaolin/titanium oxide nanocomposite were examined 
using a Zeiss Auriga HRSEM (USA). HRSEM coupled with Energy 
Dispersion Spectroscopy (EDS) was used to examine the elemental 
composition of the samples. The surface area, total pore volume and 
pore size of the materials were determined using a Brunauer-Emmett- 
Teller (BET), Novawin Quantachrome instrument. The FTIR analysis 
of the samples was conducted on Thermo Scientific Nicolet iS5 instru
ment with iD5 ATR spectrometer recorded at a wavenumber of 4000 
cm− 1 to 500 cm− 1. 
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2.6. Adsorption experiment 

Batch adsorption experiments were performed in order to evaluate 
the equilibrium time, obtain adsorption kinetics, adsorption isotherm 
and adsorption thermodynamic data. The removal efficiency (% 
removal) and the adsorption capacity (qe, mg/g) of kaolin and kaolin/ 
TiO2 nanocomposite of some physical and chemical indicators from 
tannery wastewater in mg/dm3as seen in Table 1 were determined. The 
wastewater was filtered with a mesh size of 0.5 μm prior to batch 
adsorption experiment. The effects of contact time on the physical and 
chemical indicators analysed in this research work using kaolin and 
kaolin/TiO2 nanocomposites were investigated by contacting 0.20 g of 
the adsorbents in each case, with 40 cm3 of the wastewater in a corked 
250 cm3 Erlenmeyer flask, agitated at 150 rpm for 0, 5, 10, 15, 20, 25 
and 30 min on an orbital shaker. The effects of adsorbent dosage on the 
equilibrium uptake of some physicochemical parameters were investi
gated with adsorbent doses of 0.4, 0.6, 0.8, 1.0, 1.2 and 1.4 g. The ex
periments were performed by adding the known weights of the 
adsorbents into 250 cm3 flasks containing 40 cm3 of the wastewater 
each. The flasks were shaken at 150 rpm at the optimum contact time 
while the temperature and pH of the solution were kept constant for 
each parameter studies. The effects of temperature on the equilibrium 
uptake of the indicator parameters from tannery wastewater by kaolin 
and kaolin/TiO2 nanocomposites at the temperature values of 30, 40, 
50, 60, 70 and 80 ◦C were investigated. The experiments were per
formed by adding 0.2 g of the adsorbent to 40 cm3 of wastewater in 250 
cm3 conical flasks, shaken in a water bath at respective temperature for 
the optimum contact time. At the end of each experiment, the resulting 
solution was separated from the adsorbent using Whatman paper No. 42 
and the residual concentration of physicochemical parameters were 
analysed using APHA, manual method (2005). 

The known weight of adsorbent dosage was added to 40 cm3 of the 
wastewater in 250 cm3 erlenmeyer flask. The flask was placed on an 
orbital shaker, under the set conditions of contact time and shaking 
speed (150 rpm). The solution was filtered using Whatman No 42 and 
then transferred to glass tube for analysis. Pb, Cd and total Cr ion con
centration of the solution before and after adsorption were determined 
using atomic absorption spectroscopy (Perkin Elmer A Analyst, 4000). 
All experiments were conducted in duplicate. 

The removal efficiency (%) and the adsorption capacity (mg/g) of 
the parameter studied by the adsorbents under equilibrium time were 
computed using eqs. 1 and 2, respectively. 

% Removal =
C0 − Ce

Ce
× 100 (1)  

qe =
(C0 − Ce)

M
V (2)  

Where C0 (mg/dm3) and Ce (mg/dm3) are the initial and equilibrium 
liquid phase concentration, respectively; V (dm3) the volume of the 
solution and M (g) the mass of the adsorbent. 

2.7. Desorption and regeneration studies 

Desorption experiments of metal ions were performed to examine 
reusability. After adsorption of metal ions, nanoadsorbents were 
agitated in diluting agents such as 0.1 M HNO3, 0.1 M CH3COOH and 
deionized water. The nanoadsorbents were separated by centrifugation 
at 4000 rpm and then dried in an oven at 105 ◦C for 1 h. 0.2 g of the 
nanoadsorbents and 50 cm3 of eluting agents were mixed in Erlenmeyer 
flask and agitated for respective optimum contact time for the metal ion. 
The desorbed nanoadsorbents were separated by filtration and the 
filtrate was used to obtain the desorbed metal ion concentrations. 
Desorption efficiency was calculated using Eq. (3). 

D(%) =
Md

Ma
× 100 (3)  

Where Md is the quantity of desorbed metal and Ma is the quantity of 
adsorbed metal. 

After desorption, the nanoadsorbents were washed with 0.1 M EDTA 
for regeneration. The adsorption-desorption cycle was repeated four 
more times to analyse the removal efficiency of nanoadsorbents. 

3. Results and discussion 

3.1. XRD studies 

The phase structure and degree of crystallinity of the samples were 
analysed by XRD. Fig. 1 shows the XRD pattern of kaolin, anatase TiO2 
and kaolin/TiO2 nanocomposites. The XRD diffraction patterns of kaolin 
according to the JCPDS file revealed the presence of diffraction peaks at 
2θ value of 12.40◦, 19.85◦, 24.95◦, 36.07◦, 46.59◦, 54.61◦ and 73.77◦

which correspond to the crystallographic orientation of (001), (020), 
(002), (200), (221), (150) and (402) respectively. Similar diffraction 
peaks were also reported by Zen et al. (2018). The kaolin sample showed 
the predominate phase as kaolinite and quartz, which are commonly 
found in kaolin. 

The XRD patterns of TiO2 exhibits several diffraction peaks at 2θ 
value of 25.28◦, 37.80◦, 48.05◦, 53.89◦, 55.06◦, 62.90◦, 68.76◦, 70.31◦, 
75.03◦ and 82.66◦ index to the (101), (004), (112), (200), (105), (211), 
(204), (116), (220), (215) and (224) crystal planes of anatase phase 
titania (JCPDS 00− 021-1272), respectively. The average size of anatase 
crystallites (D), calculated by the Scherrer’s Eq. (4). 

D =
Kλ

βcosΘ
(4)  

Where D is the crystallite size of the particle, θ is the Bragg diffraction 
angle, β is the full width at half-maximum (FWHM), λ is the wavelength 
of Cukα (0.15418 nm) and k (0.94) is a constant. 

In Fig. 1, it was noticed that the XRD pattern of kaolin-TiO2 nano
composites remains unchanged despite the addition of kaolin onto TiO2 
as the diffraction peaks common to kaolin at 2θ still persist. It was found 
that the diffraction peaks of kaolin overshadowed that of TiO2 re
flections, leaving the 2θ reflections of kaolinite phase unchanged. The 
observed peaks of anatase TiO2 disappeared while the peaks of kaolinite 
still remained intact. This may be due to the followings: (i) the closeness 
of peaks of anatase to kaolin, making the TiO2 phase to be difficult to 
identify (ii) the weakness and low-strength peaks of TiO2 leading to non- 
generation of new peak and non-aggregation of the nanocomposite and 
(iii) the amount of TiO2 nanoparticles is low to be detected by XRD. 
However, the (101) reflection peak of anatase in TiO2/kaolin nano
composite appears with a peak intensity at 25.28◦ as a result of TiO2 
incorporation. A similar trend was observed by Wongso et al. (2019), 
which stated that other diffraction peaks of TiO2 were hidden by kaolin 
as a result of particle size of TiO2 as compaed to kaolin. The low-strength 
peaks of calcined kaolin/TiO2 indicated that the nanocomposites were 
decorated with well-crystallized TiO2 nanoparticles. However, the 

Table 1 
Some physicochemical properties of tannery wastewater before adsorption.  

Parameter Recorded value 

Colour Dark brown 
Odour Objectionable 
pH 5.84 ± 0.02 
Chemical oxygen demand (COD) (mg/dm3) 1988.60 ± 0.23 
Biological oxygen demand (BOD) (mg/dm3) 625.30 ± 0.10 
Nitrate (mg/dm3) 118.30 ± 0.16 
Lead (mg/dm3) 1.70 ± 0.13 
Cadmium (mg/dm3) 3.23 ± 0.50 
Chromium (mg/dm3) 8.30 ± 0.28  

S. Mustapha et al.                                                                                                                                                                                                                              



Environmental Nanotechnology, Monitoring & Management 15 (2021) 100414

4

characteristic peaks of kaolinite were still retained, suggesting that the 
structure of the clay was not destroyed. It may be remarked that the 
characteristic peaks of anatase are very close to those from kaolinite, 
which make it difficult to analyse. The crystallite size of titania particles 
was computed via the Debye-Scherrer equation and the crystallite sizes 
were shown in Table 2. 

3.2. Fourier transform infrared spectroscopy (FTIR) analysis 

FTIR spectral analysis was performed to identify the crosslink in 
kaolin, TiO2 and possible interaction between the nanocomposites 
(kaolin-TiO2) (Fig. 2). The following characteristic bands appeared at 
3694 cm− 1, 3648 cm− 1 and 3400 cm− 1 can be found in the kaolin which 
is assigned to the − OH stretching vibration, while the peak at 1636 cm-1 

corresponds to H–OH– bending vibration. These peaks may be due to 
the bonding between atoms of oxygen and protons attached to 
aluminium ions in the octahedral structural layer. The peaks may also be 
linked to water physisorbed on the kaolin surface (Madejova, 2003). The 
bands at 1007 cm-1 for Si-O-Al, 692 cm− 1 and 689 cm− 1 for Si-O 
stretching, 912 cm− 1 for Al− OH and the band at 796 cm− 1 and 783 
cm− 1 attributed to the presence of quartz (Si-O). The band at 912 cm− 1 

could be ascribed to OH deformation of inner hydroxyl groups in the 
bonding of Al–Al− OH octahedral sheet of the kaolin. 

The FTIR peaks for the TiO2 indicate the presence of stretching vi
bration of Ti–O at 604 cm− 1 and 657 cm− 1, stretching of Ti–O–Ti at 1470 

cm− 1, stretching of Ti− OH at 1640 cm− 1), and stretching vibration of 
− OH at 3400 cm− 1. Comparing the spectra of kaolin/TiO2 nano
composite with that of kaolin and TiO2 samples, it was found that a 
sharp peak at 930 cm− 1 was ascribed to the stretching vibration of 
Si–O–Ti bond. Similar peaks were observed for both kaolin and kaolin/ 
TiO2 samples, which suggest the stronger intermolecular attraction be
tween the kaolin and TiO2 nanoparticles. 

3.3. HRSEM for kaolin, TiO2 and kaolin-TiO2 

The results of the surface morphologies of kaolin, TiO2 nanoparticles 
and kaolin/TiO2 nanocomposite analysed by HRSEM depicted in Fig. 3. 
Fig. 3 (a) showed that kaolin contains a mixture of quartz and kaolin 
forming dense aggregates texture. It was observed that a smaller number 
of small flakes with the hexagonal structure were arranged in face-to- 
face patterns compared to well crystalline pseudohexagonal edges of 
kaolinite as well as plate-like edged kaolinite particles. 

As it can be seen from the HRSEM images, Fig. 3 (b) showed the inter- 
particle porosity of the mesoporous spherical TiO2 nanocrystal. The 
spheroidal crystal morphologies of TiO2 samples were clearly evident 
and well dispersed, homogeneous but agglomerated. In the case of Fig. 3 
(c), less aggregated and well defined spherical particles structure was 
identified in the kaolin/TiO2 nanocomposites. The addition of kaolin 
into the lattice layer of TiO2 did not affect the shape TiO2. 

3.4. HRTEM for kaolin, TiO2 and kaolin-TiO2 

Fig. 4 presents HRTEM and SAED analysis of kaolin, TiO2 nano
particles and kaolin/TiO2 nanocomposite. The structure of kaolin 
revealed a pseudo-hexagonal structure of kaolinite (Fig. 4 (A1-A3). The 
presence of cross-fringes indicates the edge observation that the inter- 
network layers are coherently stacked and the stacking is ordered 
more within those domains. SAED result of the kaolin showed the tur
bostratic patterns over the aggregated amorphous kaolin that were 
randomly oriented on each other. This indicates that the particles were 
kaolinite phase and the dotted concentric rings (Fig. 4A3) were assigned 
to quartz and halloysite forms. The EDX spectra revealed the existence of 
the following elements: O, Al, Si, K, Ti and Fe (Table 3). 

Fig. 4 (B1-B3) revealed the HRTEM images of TiO2 nanoparticles 
revealed anomalistic spherical crystals of TiO2 with average particle size 

Fig. 1. XRD patterns for kaolin, TiO2 and kaolin/TiO2.  

Table 2 
Different angles and their corresponding hkl values with sizes of TiO2 
nanoparticles.  

Angle hkl Size (nm) 

25.28 101 2.01 
37.80 004 1.75 
38.58 112 7.35 
48.05 200 2.07 
53.89 105 1.02 
55.06 211 0.77 
62.90 204 1.05 
68.76 116 0.61 
70.31 220 2.77 
75.03 215 0.43 
82.66 224 3.37  
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ranges between 10–14.30 nm, which is in good agreement with XRD 
results. Lattice fringes were observed in HRTEM shown in Plate II (B2), 
with that D-spacing of 0.35 nm, 0.24 nm ad 0.23 nm for TiO2 planes of 
(101), (004) and (112), respectively. These correspond to the result 

obtained from XRD patterns. 
The EDX spectrum of TiO2 nanoparticles revealed the presence of Ti, 

O, C, and Ni for the as-synthesized TiO2 (Table 3). The presence of ox
ygen was due to the interaction of TiO2 with air during synthesis 

Fig. 2. FTIR spectra for TiO2 (inlet), kaolin and kaolin/TiO2.  

Fig. 3. HRSEM images of (A) beneficiated kaolin (B) TiO2 nanoparticles and (C) kaolin/TiO2 nanocomposite at 450 ◦C.  
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(washing with ethanol and water) and calcination process. The observed 
peaks of Na originated from NaOH while the spectrum of C was from the 
carbon holey grid used for the HRTEM analysis. The selected area of 

electron diffraction (SAED) analysis in Fig. 4 (B2) indicated that the TiO2 
nanoparticles were polycrystalline due to the presence of dotted 
concentric rings. 

The HRTEM analysis of TiO2/kaolin nanocomposites in Fig. 4 (C1-C3) 
reveals that dispersion/distribution of spherical TiO2 nanoparticles in 
kaolin having lattice spacing of 0.35 nm, a characteristic peak for (101) 
crystal plane of anatase phase of TiO2. Similar result has also been re
ported on TiO2 nanoparticles immobilized on clay by Mishra et al. 
(2017). The HRTEM analysis further confirmed that TIO2 nanoparticles 
were both anchored on the internal and the external layer of the kaolin, 
which may increase the active binding sites required for the adsorption 
process. Additionally, EDX measurement analysis performed on the 
nanocomposites inTable 3 showed the existence of some elements from 
the nanoparticles and the kaolin. 

3.5. BET analysis 

The quasi-overlapping adsorption-desorption curves and the pore 

Fig. 4. HRTEM and SAED Analysis of kaolin (A1-A3), TiO2 nanoparticles (B1-B3) and kaolin/TiO2 nanocomposite (C1-C3) calcined at 450 ◦C.  

Table 3 
EDX results in atomic and weight percentage of beneficiated kaolin, TiO2 
nanoparticle and kaolin/TiO2 nanocomposites.  

Element Kaolin TiO2 Kaolin-TiO2  

Weight Atomic Weight Atomic Weight Atomic 

O 52.96 66.83 17.9 31.29 33.21 50.28 
Al 18.84 14.09 – – 18.86 16.93 
Si 24.71 17.77 – – 24.54 21.17 
Ti 0.74 0.32 60.86 35.54 20.53 10.39 
Fe 2.74 0.99 – – 2.86 1.24 
C – – 9.53 22.2 – – 
Ni – – 4.42 2.11 – – 
Na – – 7.3 8.86 – –  
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size distribution of beneficiated kaolin, TiO2 nanoparticle and kaolin- 
TiO2 nanocomposite are presented in Fig. 5 (a–c). The N2 adsorption- 
desorption isotherm curve of the sample can be classified as Type IV, 
which belong to a Type H3 hysteresis loop indicating a slight meso
porous material with small pore size. The BET specific surface area, pore 
volume and pore diameter of kaolin according to Barrette-Joyner- 
Halenda method were 17 m2/g, 0.018 cm3/g and 3.587 nm respec
tively. This shows that beneficiated kaolin is mesoporous. 

The specific area and pore size distribution of the as-synthesized 

TiO2 sample are characterized using the nitrogen adsorption- 
desorption isotherm measurement. The BET and BJH methods were 
used to analyse the surface area and pore size distribution. According to 
the International Union of Pure and Applied Chemistry (IUPAC), the N2 
adsorption-desorption isotherm exhibit Type IV hysteresis isotherm for 
the as-synthesized TiO2 showed that the nanoparticles are mesoporous. 
The adsorption hysteresis approached the region of relative pressure (P/ 
Po) above 0.9 with the BET of the mesoporous TiO2, 43.80 m2/g, pore 
volume of 0.024 cm3/g and smaller pores, 4.053 nm (as seen in Table 4). 

Fig. 5. a. Adsorption-desorption curve and pore size distribution (inlet) of kaolin. b. Adsorption-desorption curve and pore distribution (inlet) of TiO2 nanoparticles. 
c. Adsorption-desorption curve and pore size distribution of kaolin/TiO2 nanocomposite. 
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Moreover, the distribution shows that the porosity of the TiO2 is 
contributed by the mesoporosity possibly due to its nature. 

The N2 adsorption-desorption isotherm of the TiO2/kaolin nano
composite exhibited Type IV isotherm with H3 hysteresis loops, an 
indication of mesoporosity according to the IUPAC (Fig. 5c). The BET 
and BJH pore size distributions correspond to mesoporous. The nano
composite result showed that BET specific surface area and pore volume 
53.80 m2/g and 0.070 cm3/g, respectively. As previously reported by 
Mishra (2017) and Wongso et al. (2019), the surfaces of kaolin and 
kaolin/TiO2 obtained were lower compared to the present study. As 
shown in Table 4, it was noted that the kaolin/TiO2 nanocomposites has 
a higher surface area than the beneficiated clay and TiO2 nanoparticles. 
A similar finding was observed by (Mishra, 2017) and Wongso et al. 
(2019). This implied that TiO2 nanoparticles have been incorporated 

successfully to the interlayers of the clay surface, thereby responsible for 
the increased surface area, pore volume and pore size. The mesoporosity 
could allow different molecules of different sizes into their pores, 
making the nanocomposites highly suitable for adsorption purposes. The 
specific surface area of the nanocomposites is greater than the benefi
ciated kaolin. The high BET values are attributed to an increase in pore 
volume and pore size. 

3.6. Adsorption studies 

3.6.1. Effect of contact time 
The effect of contact time on the adsorption of the toxic pollutants in 

wastewater onto the adsorbent is important in order to achieve equi
librium adsorption. The influence of contact time on the adsorption of 
COD, BOD and nitrate onto kaolin and kaolin/TiO2 was shown in Fig. 6 
While the adsorption of Pb, Cd and Cr onto the adsorbents is as shown in 
Fig. 7. The rate of adsorption was faster at the initial but becomes slow 
on reaching the equilibrium. Different equilibrium times were observed 
for all the parameters on the adsorbents. The maximum percentage 
adsorption of Pb, nitrate, COD, Cd, Cr and BOD onto kaolin was 57.65, 
61.46, 72.81, 59.35, 53.01 and 82.65 % at equilibrium time of 5, 10, 15, 
15, 15 and 20 min, respectively. For kaolin/TiO2 nanocomposite, the 
equilibrium percentage adsorption of COD, BOD, Cr, Pb, Cd and nitrate 

Table 4 
The comparison of specific surface area, pore volume and pore size of the kaolin, 
TiO2 nanoparticles and kaolin/TiO2 nanocomposites.  

Properties Kaolin TiO2 Kaolin/TiO2 

Surface area (m2/g) 17.00 43.80 53.80 
Pore volume (cm3/g) 0.018 0.024 0.070 
Pore diameter (nm) 3.587 4.053 5.214 
Phase Kaolinite Anatase Kaolinite/anatase  

Fig. 6. Effect of contact time on percentage removal of (A) COD (B) BOD and (C) nitrate onto beneficiated kaolin and kaolin/TiO2 nanocomposite (conditions: 
adsorbent dose 0.2 g, agitation speed 150 rpm, temperature 29 ◦C). 
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was 91.95, 91.93, 63.25, 55.88, 51.22 and 91.19 % at the optimum time 
of 10, 10, 5, 10, 10 and 15 min, respectively. Also, the equilibrium was 
attained faster for COD, BOD and nitrate adsorption using kaolin/TiO2 
while the equilibrium for Pb, Cd and Cr removal was fast using kaolin. It 
was observed that adsorption rate was rapid, eventhough different op
timum times were observed under the same adsorbent usage. This could 
be attributed to the availability of the active/binding sites on the ad
sorbents. It was found that on reaching the optimum time/equilibrium, 
the rate of adsorption equals the rate of desorption. Zulfikar et al. (2016) 
observed a similar trend when investigating removal of humic acid using 
Fe2O3-chitosan hydrid nanoparticles from solution. They noticed that 
the adsorption increased slowly until the adsorption reached equilib
rium (optimum contact time). Afterwards, there is almost no further 
increase in the adsorption, therefore, leading to desorption. At this stage, 
the adsorption diminished which was likely due to less available 
adsorption sites. A similar trend In addition, the rate of desorption 
occurred due to slow pore diffusion of the pollutants into the adsorbents 
and longer diffusion in the inner cavities in exiguous adsorbate (Zou 
et al., 2019). 

3.6.2. Effect of dosage 
The adsorbent dosage is a paramount parameter responsible for the 

adsorption of pollutants by the adsorbent. The effect of adsorbent dose 
on the percentage removal of BOD, COD and nitrate from wastewater 
are presented in Fig. 8. It was found that the percentage removal effi
ciency of all pollutants increased with an increase in dosage for both 
kaolin and kaolin/TiO2. For instance, the removal efficiency of COD 
increased from 84.5 to 90.04 and 90.04–92.5 %, BOD from 83.92 to 
89.73 and 91.60–94.23 %, nitrate from 84.62 to 92.39 and 88.08–96.56 
% for kaolin and kaolin/TiO2 nanocomposite, respectively (Fig. 9). 
While the level of Cd removal increased from 45.88 to 75.29 and 
52.94–87.06 %, Cr from 41.46 to 87.81 and 43.90–88.62 %, Pb from 
54.22 to 72.29 and 61.45–75.90 % for kaolin and kaolin/TiO2 nano
composite, respectively (see Fig. 9). It was observed that all parameters 
followed similar trends. At a lower dosage, the rate of adsorption was 
influenced by inter ionic competition among the metal ions which is due 
to the presence of small surface area. The trend in term of heavy metal 
removal by the two materials was Cr > Cd > Pb. This behavioural 
pattern can be linked to the difference in the atomic weights and ionic 
radii of the concern metal ions. At higher dosage, the adsorption process 
increased due to the availability of more active binding exchangeable 
sites for adsorption of target pollutants (Abukhadra and Mohamed, 
2019). Thus, for every dose of material used, it was found that kao
lin/TiO2 performed better than kaolin alone due to high surface area and 

Fig. 7. Effect of contact time on percentage removal of (A) Pb (B) Cd and (C) Cr onto beneficiated kaolin and kaolin/TiO2 nanocomposite (conditions: adsorbent dose 
0.2 g, agitation speed 150 rpm, temperature 29 ◦C). 
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functional groups of the former than the latter. Thus, the pollutants 
removal efficiency in the tannery wastewater strongly depends on the 
dosage of the nanoadsorbents. 

3.6.3. Effect of temperature 
The effect of temperature in adsorption studies has a great impact on 

the adsorption capacity, influenced by the diffusion rate of adsorbate 
molecules and the internal pores of the adsorbent. Increasing the tem
perature in an adsorption system brings about an increase in chemical 
reaction rate (Mekatel et al., 2015). The effects of temperature on the 
sequestration of COD, BOD, nitrate, Pb, Cd and Cr onto kaolin and 
kaolin/TiO2 are shown in Figs. Fig. 1010 and Fig. 1111 . It was generally 
found that increase in temperature (30− 80 ◦C) corresponds to the in
crease in the removal efficiencies of the target pollutants and the indi
cator parameters. The percentage removal of COD, BOD, nitrate, Pb, Cd 
and Cr increased from 77.43 to 85.34, 75.02–86.31, 51.56–70.58, 
26.47–54.12, 58.54–89.43 and 56.02–76.87 % for kaolin, respectively. 
Similarly, with an increase in temperature, the percentage adsorption of 
COD, BOD, nitrate, Pb, Cd and Cr showed an increase from 85.46 to 
90.29, 83.60 to 89.56, 57.53 to 76.29. 38.24 to 92.15, 51.22 to 91.87 
and 62.05 to 78.92 % for kaolin/TiO2 nanocomposites. From the Fig
ures, an increase in temperature generally increases the percentage 

removal. The absorptivity and adsorption in the system suggested that 
sequestration of these pollutants were favoured at high temperature. 
Interaction among the functional groups present in the nanoadsorbents 
with the adsorbate led to the formation of strong bonds with an increase 
in temperature. Kariim et al. (2020) who investigated adsorption of 
phenol and cyanide using TiO2/MWCNTs argued that sorption behav
iour of TiO2/MWCNTs was dependent on the surface functional groups 
of the nanoadsorbent and temperature. Thus, it was demonstrated that 
the rate of adsorption become faster and endothermic in nature. 
Comparing the adsorption potential of kaolin and kaolin/TiO2 for the 
parameters, it is clear that the adsorption followed the order of kao
lin/TiO2 > kaolin and proved that the addition of TiO2 nanoparticles 
improved the adsorption capacity of the nanocomposite. 

3.7. Adsorption isotherms 

3.7.1. Langmuir isotherm 
Langmuir isotherm assumes the homogeneous adsorption on the 

surface of adsorbent. The equation of the isotherm is as follows: 

Ce

qe
=

1
QmKL

+
1

Qm
Ce (5) 

Fig. 8. Effect of adsorbent dosage on percentage removal of (a) COD (b) BOD and (c) nitrate onto beneficiated kaolin and kaolin/TiO2 nanocomposite (conditions: 
equilibrium time, agitation speed 150 rpm, temperature 29 ◦C). 

S. Mustapha et al.                                                                                                                                                                                                                              



Environmental Nanotechnology, Monitoring & Management 15 (2021) 100414

11

where Ce is the equilibrium concentration of the pollutants in the so
lution (mg/dm3), qe represents the equilibrium adsorption capacity 
(mg/g), Qm is the maximum adsorption capacity (mg/g) and KL denotes 
Langmuir constant that signifies the affinity between adsorbate and 
adsorbent (L/mg). The results of Langmuir isotherm constants for COD, 
BOD, nitrate and selected heavy metals are depicted in Tables 5 and 6, 
respectively. The maximum adsorption capacity values computed from 
the Langmuir isotherm indicate the potential application of the adsor
bents for tannery wastewater. 

3.7.2. Freundlich isotherm 
Freundlich isotherms represents multilayer adsorption adsorbent 

surface and it is given by the Eq. 6. 

lnqe =
1
n

lnCe + lnKf (6)  

where Kf and n are Freundlich constant that are related to adsorption 
capacity and adsorption intensity, respectively. The results of Freundlich 
parameters obtained for pollutants removal are given in Tables 5 and 6. 
The magnitude of the Freundlich constant, n, shows a favourable 
adsorption. It is generally described that value of n between 2 and 10 

indicates good adsorption features (Khayyun and Mseer, 2019). This 
implies that the studied adsorbents (kaolin and kaolin/TiO2) are good 
for removal of pollutants from wastewater. 

3.7.3. Halsey isotherm 
Halsey model (1948) was employed to evaluate the multilayer 

adsorption at a relatively large distance from the surface of the adsor
bents. The equation of the Halsey isotherm is given as follows: 

qe =
1

nH
InKH −

1
nH

lnCe (7)  

where nH and InKH are Halsey isotherm constants and these were 
determined from the slope and intercept of the linear plot of qe as the 
ordinate and lnCe as the abscissa at the temperature range of 30–80 ◦C, 
constant pH 5.84 and adsorbent dosage of 0.2 g. 

Tables 5 and 6 show Halsey model isotherm constants (nH and InKH) 
for the removal of physicochemical parameters in tannery wastewater. 
The model is selected due to the multilayer adsorption and the fitting to 
the nature of kaolin and nanocomposite materials. It is evident that the 
linear correlation coefficient (R2) for kaolin and nanocomposites in the 
removal of physicochemical parameters such as BOD, COD, nitrate, Pb, 

Fig. 9. Effect of adsorbent dosage on percentage removal of (A) Cd (B) Cr and (C) Pb onto beneficiated kaolin and kaolin/TiO2 nanocomposite (conditions: equi
librium time, agitation speed 150 rpm, temperature 29 ◦C). 
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Cd and Cr is > 0.98. This shows that the experimental data moderately 
fit Halsey and the adsorption of these pollutants onto the adsorbent 
materials could partially be based on multilayer adsorption. 

3.7.4. Jovanovic isotherm 
Jovanovic model (1969) was based on the assumption of the Lang

muir model and the possibility of some mechanical contacts between the 
sorbate and adsorbents. The linear form of the model is given as follows: 

lnqe = lnqe(max) − KjCe (8) 

A plot of lnqe against Ce enables the determination of Jovanovic 
constant (Kj) and the maximum adsorption capacity (qe(max)), where Kj, 
is the slope and qe(max) is the intercept. The values of Jovanovic constant 
(Kj) and maximum adsorption capacity (qe(max)) for this adsorption sys
tem and the experimental information were provided in Tables 5 and 6. 
It is apparent that the correlation coefficient is > 0.99 and this 
confirmed that the experimental data on the removal of the target pol
lutants by kaolin and kaolin/TiO2 fitted well for the isotherm model. It 
also showed that (R2) values of Jovanovic isotherm model were higher 
than Halsey model which indicates the occurrence of some mechanical 
contacts between the adsorbate (tannery wastewater) and adsorbent 

(nanoadsorbents) phase interface. The adsorption surface also consid
ered the system to be homogeneous with monolayer localized adsorp
tion similar to that Langmuir model which could be as a result of the 
presence of some functional groups from kaolin and kaolin/TiO2 nano
adsorbents. The maximum adsorption capacity values obtained for the 
uptake of metal ions using kaolin/TiO2 nanoadsorbent were compared 
to those of some adsorbents reported in literature in Table 7. 

3.7.5. Redlich-Peterson (R-P) isotherm 
The Redlich-Peterson (R-P) isotherm (1959) is the combination of 

the Langmuir and Freundlich adsorption models and can be linearized as 
follows: 

ln
Ce

qe
= βlnCe − lnA (9)  

where the isotherm constants β and A are determined from the slope and 
intercept of a plot of ln Ce

qe 
as the abscissa and lnCe as the ordinate, 

respectively. The Redlich-Peterson model provides information on the 
isotherm constants β and A from the slopes and intercepts. The value of A 
presented in Tables 5 and 6 show that the adsorption capacity of the 

Fig. 10. Effect of temperature on percentage removal of (A) COD (B) BOD and (C) nitrate onto beneficiated kaolin and kaolin/TiO2 nanocomposite (conditions: 
adsorbent dose 0.2 g, agitation speed 150 rpm). 
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adsorbents was higher in kaolin/TiO2 than kaolin nanoparticles and the 
value of β were slightly above 1 for the pollutant uptake onto the ad
sorbents. The Redlich-Peterson isotherm described three parameters 
empirical adsorption parameters model and improve both the Langmuir 
and Freundlich equation. In this study, Langmuir isotherm was more 
appreciated than the Freundlich model. The experimental data for the R- 
P isotherm followed the adsorption of the pollutants uptake in waste
water with corresponding correlation coefficient (R2 > 0.999) as shown 
in Tables . The R2 values show the good fitting of the experimental data 
to the R-P adsorption model. 

3.7.6. Flory-Huggins isotherm 
The Flory-Huggins isotherm model (1956) evaluates the degree of 

surface coverage properties of the sorbate on the sorbent. The 
Flory-Huggins model is defined by the following expression: 

ln
θ

Co
= lnKFH + nln(1 − θ) (10)  

θ = (1 −
Ce

Co
) (11) 

The adsorption data at different temperature were plotted as a 
function of ln θ

Co 
against ln(1 − θ). Where n is the number of adsorbates 

occupying adsorption site, θ is the degree of surface coverage and KFH is 
the Flory-Hugging constants. 

The linear form of the Flory-Huggins isotherm model displayed the 
Flory-Huggins equilibrium constant (KFH) as presented in Tables 5 and 6. 
The isotherm model expressed the feasibility and spontaneity of the 
adsorption process. The evaluated KFH used to calculate the spontaneity 
Gibb’s free energy (ΔG) showed that the value is negative. This indicates 
the influence of temperature during the adsorption system. Thus, the 
adsorptivity is temperature-dependent. Conversely, the obtained R2 

value for this isotherm model is related to that of Halsey isotherm. 
From the different isotherms employed in this study, the values of 

their correlation coefficient, sum of square error (SSE) and Chi- square 
(χ2) of polltants are shown in Tables 5 and 6. The lowest values of SSE 
and χ2 for the isotherms suggest the applicability of the model to the 
adsorption of the studied pollutants onto kaolin and kaolin/TiO2 
nanocomposites. It was observed that low sum of square error and Chi 
square values for the isotherm model best described the adsorption of 
pollutants onto the adsorbents. Thus, the Redlich- Peterson model with 
lowest value of error parameter best described the removal of pollutants 
except for Pb ion compared to other models in this study. 

Fig. 11. Effect of temperature on percentage removal of (A) Pb (C) Cd and (C) Cr onto beneficiated kaolin and kaolin/TiO2 nanocomposite (conditions: adsorbent 
dose 0.2 g, agitation speed 150 rpm). 
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3.8. Kinetic models 

The adsorption mechanism, as well as rate controlling steps during 
the adsorption of the studied pollutants by the nanoadsorbent with 
respect to contact time (0− 30 min), can be established using kinetic 
models. 

3.8.1. Pseudo-first order model and pseudo-second order model 
The pseudo-first order kinetic model assumes that the rate of sorp

tion is proportional to the active adsorbent sites. The equation of 
Lagergren pseudo-first order is given by Eq. (.12.) 

ln(qe − qt) = lnqe − k1t (12)  

where qe and qt denote the amount of pollutant adsorbed (mg/g) at 
equilibrium and at time, t, respectively and k1 is the rate constant of 
pseudo-first order adsorption (min− 1). The values of qe, k1 and R2, for 
the pollutant removal using kaolin and kaolin/TiO2 are presented in 
Tables 8 and 9. 

The pseudo-second order assumes that rate of adsorption sites is 
proportional to the square of the number of unoccupied adsorbent sites. 
The equation of pseudo-second order is describe as follows; 

t
qt

=
1

k2q2
e
+

t
qe

(13)  

where qe and qt are the amount of pollutant adsorbed at equilibrium and 
at time, t, respectively and k2 is the rate constant of pseudo-second order 
adsorption kinetic (g/mg/min). As seen in Tables 8 and 9, the results 
show that the pseudo-second order kinetic model is more applicable to 
describe the adsorption kinetics of pollutants onto kaolin and kaolin/ 
TiO2 than other models. The calculated k2 value was found to be highest 

for Cr ion followed by Cd and Pb ion, which was based on the ionic 
radius mechanism of the adsorbed metal ions. This indicated that the 
less the hydrated ionic radius, the high is the pseudo-second order rate 
constant value. 

3.8.2. Other kinetic models 
The data obtained were analysed using the Bangham, fractional 

power and Avrami equation models. The Boyd kinetic equation and 
Weber-Morris intra-particle diffusion models were used to check the 
mechanism of adsorption. 

Bangham’s model equation is expressed as: 

log
[

log
(

Co

Co − qtM

)]

= log
(

KoM
2.303V

)

+ αlogt (14)  

where Co is the initial concentration of the pollutant in wastewater so
lution (mg/dm3), V is the volume of wastewater solution (dm3), M is the 
weight of adsorbent (g/dm3) qt is the amount of pollutant adsorbed at 
the time, t (mg/g) and Ko and α (less than 1) are constant which are 
calculated from the intercept and slope of the linear plot of 

log
[

log
(

Co
Co − qtM

)]

against logt. 

The Bangham kinetic model explained the pore diffusion between 
the adsorbate and adsorbent in the adsorption system and the α and 
Bangham constants (see Tables 8 and 9). The extrapolation of the double 
logarithm order kinetic model showed that multiple adsorption stages 
occurred and the correlation coefficient (R2) obtained for the model 
range between 0.6421 and 0.99248, suggest that pore diffusion was 
involved in the pollutants removal using kaolin and kaolin/TiO2. On the 
other hand, the linearity of the Bangham plot indicates that the sorbate 
pore diffusion is not the solitary rate controlling step. 

The Avrami equation was used to evaluate the kinetic parameter as a 

Table 5 
The parameters of adsorption isotherms of BOD, COD and nitrate removal using kaolin and kaolin/TiO2 (KT) at dosage (0.2 g) and pH (5.84).  

Isotherm Parameter COD  BOD  Nitrate    
Kaolin KT Kaolin KT Kaolin KT 

Langmuir Qm  289.474 303.030 81.301 93.458 117.371 135.506  
KL  0.0137 0.0358 0.0454 0.0906 0.0474 0.0591  

R2  0.99930 0.99980 0.99840 0.99970 0.98990 0.99330  

SSE 5.412 4.143 4.770 2.516 6.115 6.019  
χ2 0.244 0.233 0.138 0.130 0.308 0.286 

Freundlich Kf  121.100 73.320 30.011 65.270 15.640 8.885  
n 4.474 7.386 4.359 6.527 1.573 2.108  
R2  0.99550 0.99700 0.98930 0.99630 0.98260 0.98580  

SSE 6.405 4.216 5.628 3.930 7.481 8.205  
χ2 0.495 0.248 0.257 0.245 0.462 0.401 

Jovanovic qmax  401.015 406.669 110.469 127.996 125.834 147.322  
Kj  6.175 5.720 1.980 1.850 1.396 1.264  

R2  0.99979 0.99995 0.99949 0.99992 0.99679 0.99795  

SSE 4.812 4.072 4.630 2.318 5.067 5.361  
χ2 0.226 0.211 0.135 0.0983 0.194 0.267 

Halsey nH  4.474 7.386 4.360 6.528 1.598 2.108  
InKH  31.756 48.726 24.885 34.996 8.076 9.458  

R2  0.99434 0.99627 0.98658 0.99532 0.99824 0.98224  

SSE 8.108 4.470 5.035 4.584 4.705 9.109  
χ2 0.574 0.251 0.323 0.281 0.134 0.644 

Flory-H n  − 0.224 − 0.135 − 0.229 − 0.153 − 0.626 − 0.424  
KFH  2.800 × 10− 4 3.315 × 10− 4 8.793 × 10− 4 1.015 × 10− 3 2.820 × 10− 3 3.297 × 10− 3  

R2  0.99434 0.99627 0.98658 0.90000 0.97824 0.98224  

SSE 8.272 4.481 5.060 6.920 8.706 9.251  
χ2 0.575 0.225 0.341 0.4825 0.503 0.648 

Redlich-P β  1.224 1.135 1.229 1.153 1.626 1.474  
A  1.210 × 103 7.332 × 102 3.011 × 102 2.129 × 102 1.564 × 102 8.885 × 101  

R2  0.99981 0.99995 0.99953 0.99992 0.99673 0.99814  

SSE 4.617 4.070 4.140 2.337 4.982 5.253  
χ2 0.215 0.221 0.122 0.105 0.172 0.248  
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function of the contact time (0− 30 min). The linear form of the Avrami 
kinetic model is expressed as: 

ln
[

ln
(

qe

qe − qt

)]

= nAVlnKAV + nAVlnt (15)  

where KAV is the Avrami kinetic constant and nAV is the Avrami model 
constant related to the adsorption mechanism. The values of KAV and nAV 

are obtained for the intercept and slope, respectively, from the plot of 

ln
[

ln
(

qe
qe − qt

)]

versus lnt. 

The Avrami kinetic parameters rate constant (KAV), Avrami exponent 
(AAV) and correlation coefficient (R2) are presented in Tables 8 and 9. 
The AAV values were positive in all the pollutants uptake onto the ad
sorbents. This shows that there was contact between the adsorbate with 
the adsorbents and the rate of adsorption favoured multiple kinetic or
ders. The kinetic data suitably fitted well to the Avrami kinetic model 
due to its highest R2 values for all the studied pollutants using kaolin and 
kaolin/TiO2 nanocomposites compared to Bangham and fractional 
power kinetic models. Equ. 10 depicted the linear form of power model 
represented as follows: 

logqt = logK + Vlogt (16)  

where V and K are constants with V less than 1. The values of V and K are 
slope and intercept obtained from the plot of logqt against logt, 
respectively. The fitness of the kinetic models to the experimental data 
in this study were determined using Chi square error analysis. The ki
netic parameters and their respective error functions were shown in 
Tables 8 and 9. The model with the least values for the error parameter 
and the highest R2 value indicates the best kinetic of pollutant 
adsorption. 

3.9. Mechanism of adsorption 

The adsorption mechanism of the pollutant removal using kaolin and 
kaolin/TiO2, nanocomposites were investigated using Weber-Morris 
intra-particle diffusion and Boyd models. The Weber-Morris equation 
proposed for modelling adsorption kinetic is expressed as: 

Table 6 
The parameters of adsorption isotherms of Pb, Cd and Cr removal using kaolin and kaolin/TiO2 (KT) at dosage (0.2 g) and pH (5.84).  

Isotherm Parameter Pb  Cd  Cr    
Kaolin KT Kaolin KT Kaolin KT 

Langmuir Qm  24.307 26.460 22.883 28.035 73.529 83.057  
KL  0.0249 0.0288 0.0383 0.0470 0.118 0.150  

R2  0.98360 0.98170 0.96150 0.96450 0.99210 0.99540  

SSE 221.02 227.536 185.204 172.120 160.948 157.525  
χ2 4.233 9.349 8.840 6.822 6.716 6.321 

Freundlich Kf  17.46 16.45 9.759 8.282 17.458 16.448  
n 2.129 2.535 2.425 3.300 2.129 2.535  
R2  0.98420 0.98880 0.86480 0.89760 0.98420 0.98880  

SSE 203.18 180.364 190.47 189.370 167.003 162.356  
χ2 4.019 6.102 10.583 8.562 7.815 7.064 

Jovanovic qmax  53.524 66.341 72.257 87.260 107.678 128.094  
Kj  1.553 0.955 1.129 1.166 0.170 0.1804  

R2  0.99085 0.98481 0.98540 0.99671 0.99861 0.99760  

SSE 200.035 213.20 172.508 160.206 150.422 152.001  
χ2 3.150 8.020 7.326 6.314 5.683 5.925 

Halsey nH  0.642 2.446 3.155 3.300 2.129 2.535  
InKH  0.170 1.059 − 6.694 − 6.998 4.258 7.098  

R2  0.97315 0.83163 0.83106 0.93381 0.98028 0.98596  

SSE 241.10 231.903 191.950 180.403 172.834 165.140  
χ2 4.860 9.734 10.835 7.654 8.021 8.302 

Flory-H n  − 1.558 − 0.409 − 0.317 − 0.303 − 0.470 − 0.395  
KFH  9.865 × 10− 2 2.147 × 10− 1 3.709 × 10− 1 3.748 × 10− 1 4.689 × 10− 2 5.180 × 10− 2  

R2  0.97315 0.83163 0.93106 0.93381 0.98028 0.98596  

SSE 241.52 232.081 186.211 181.320 172.901 165.230  
χ2 4.902 9.800 8.922 7.812 8.392 8.472 

Redlich-P β  2.558 1.409 1.317 1.303 1.395 1.470  
A  1.303 1.542 0.120 0.121 16.450 17.460  

R2  0.98990 0.98383 0.99596 0.98953 0.99796 0.99886  

SSE 197.30 221.603 160.341 168.910 153.741 150.603  
χ2 3.018 9.034 6.719 6.520 5.935 5.417  

Table 7 
Comparative study of maximum adsorption capacity for Pb, Cd and Cr ion re
ported in different literature.  

Adsorbent Metal 
ion 

Qm (mg/g)  Reference 

Montmorillonite Pb and 
Cr 

21.46 and 
18.08 

Barbooti (2015) 

Natural clay Pb 25.07 Kushwaha et al. (2020) 
Clay/TiO2 Cd 8.92 Sharififard et al. (2018) 
Bentonite Cd 8.20 Burham and Sayed (2016) 
Chitosan/clay Cr 80.30 Foroutan et al. (2020) 
Sludge/TiO2 Cd 29.28 Sharaf El-Deen and Zhang 

(2016) 
Kaolin Cr 15.82 Deng et al. (2014) 
Amino modified 

clay 
Cr 36.91 Li et al. (2019) 

Ball clay Cd 27.17 Rao and Kashifuddin (2016) 
Kaolinite/smectite Pb 0.78 El-Naggar et al. (2019) 
Kaolin/TiO2 Pb *26.46 

**66.34 
This work 

Kaolin/TiO2 Cd *28.06 
**87.26 

This work 

Kaolin/TiO2 Cr *83.06 
**128.09 

This work 

Key: * = Langmuir; ** = Jovanovic. 
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qt = Kdt1/2 + I (17)  

Where Kd (mg− 1 min− 1/2) is the intraparticle diffusion rate constant, I is 
a constant that shows the thickness of boundary i.e the greater the 
intercept, the greater the rate-controlling step on the adsorption surface. 
The I and Kd are the intercept and slope, respectively, which are eval
uated from the linear plot of qt against t1/2. 

Boyd model was used to analyse the rate-controlling step in the 
adsorption of the studied pollutants by kaolin and kaolin/TiO2 nano
composites. The Boyd kinetic equation is presented as: 

F = 1 −
6
π exp(− Bt) (18)  

F =
qt

qe
(19)  

Where qt and qe in (mg/g) are the amounts of adsorbate uptake at the 
time and maximum equilibrium uptake. F is the fraction of pollutant 
adsorbed at any time, t. 

Bt = − 0.4977 − ln(1 − F) (20)  

Table 8 
The parameters of kinetic models of COD, BOD and nitrate removal using kaolin and kaolin/TiO2 (KT) at dosage (0.2 g), temperature (298 K) and pH (5.84).  

Kinetic Parameter COD  BOD  Nitrate    
Kaolin KT Kaolin KT Kaolin KT 

Pseudo-first qe  122.570 147.540 140.851 360.864 7.447 14.556  
k1  4.70 × 10− 3 7.40 × 10− 3 3.70 × 10− 3 6.9 × 10− 3 1.10 × 10− 3 2.61 × 10− 3  

R2  0.71150 0.90245 0.82170 0.89410 0.92100 0.93680  

χ2 13.164 9.646 10.618 5.672 6.140 5.630 
Pseudo-second qe  294.118 370.170 102.041 114.943 12.788 21.505  

k2  1.204 × 10− 3 3.645 × 10− 3 3.201 × 10− 2 4.569 × 10− 2 1.26 × 10− 2 4.805 × 10− 2  

R2  0.88720 0.99990 0.99870 0.99999 0.99720 0.99990  

χ2 9.201 6.516 9.810 3.743 4.002 3.405 
Fractional-P K  242.103 302.691 85.198 103.455 12.159 18.059  

V  0.052 0.065 0.0534 0.0363 0.0409 0.0588  
KV  12.589 19.675 4.550 3.755 0.497 1.062  

R2  0.75652 0.90404 0.74321 0.88001 0.75352 0.86739  

χ2 12.360 8.624 13.201 8.504 8.961 6.001 
Bangham α  0.0529 0.0633 0.0543 0.0358 0.0680 0.0598  

Ki  4.935 6.244 5.527 6.750 3.852 6.203  

R2  0.6542 0.90401 0.68402 0.88789 0.86760 0.94218  

χ2 15.406 8.269 14.606 7.310 7.823 5.218 
Avrami nAV  0.2292 0.470 0.272 0.305 0.417 0.414  

KAV  − 0.119 2.216 1.597 4.896 − 1.919 2.397  

R2  0.80454 0.90502 0.76954 0.87159 0.92549 0.95326  

χ2 10.503 7.366 12.944 8.900 5.361 4.728  

Table 9 
The parameters of kinetic models of Pb, Cd and Cr removal using kaolin and kaolin/TiO2 (KT) at dosage (0.2 g), temperature (298 K) and pH (5.84).  

Kinetic Parameter Pb  Cd  Cr    
Kaolin KT Kaolin KT Kaolin KT 

Pseudo-first qe  2.056 2.392 1.074 2.480 6.441 8.311  
k1  5.10 × 10− 2 8.32 × 10− 2 5.44 × 10− 2 9.64 × 10− 2 5.12 × 10− 2 8.57 × 10− 2  

R2  0.60810 0.71200 0.47760 0.59320 0.84210 0.89190  

χ2 16.412 13.225 20.914 20.588 13.972 11.513 
Pseudo-second qe  6..988 7.121 2.012 4.067 8.269 10.376  

k2  1.70 × 10− 3 3.25 × 10− 3 1.18 × 10− 2 1.98 × 10− 2 1.67 × 10− 1 2.21 × 10− 1  

R2  0.87560 0.92380 0.86990 0.90900 0.99170 0.99790  

χ2 13.182 11.305 17.143 15.648 10.816 9.017 
Fractional-P K  0.125 0.134 0.0783 0.0868 0.797 0.881  

V  0.153 0.1471 0.2319 0.1903 0.02132 0.0508  
KV  0.0191 0.0197 0.0182 0.0165 0.0169 0.0445  

R2  0.76292 0.80156 0.58217 0.85008 071,921 0.81364  

χ2 15.912 12.910 19.771 16.052 15.401 13.267 
Bangham α  0.155 0.149 0.234 0.205 0.025 0.0514  

Ki  2.962 3.185 2.563 2.762 3.877 4.292  

R2  0.76265 0.80144 0.68486 0.84886 0.71904 0.81352  

χ2 15.860 12.855 19.026 16.514 15.649 13.552 
Avrami nAV  0.381 0.424 0.863 0.684 0.520 0.591  

KAV  − 2.535 − 2.551 − 1.981 − 2.157 − 2.165 − 1.332  

R2  0.85199 0.91171 0.77477 0.77294 0.84700 0.89200  

χ2 14.520 11.940 18.104 17.991 13.759 11.243  
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Bt is the time constant and is a function of F. The linear plot of Bt against 
time, t is employed for the experimental data. 

The Boyd and intra-particle diffusion models suggest the occurrence 
of some degree of boundary layer diffusion during the removal of the 
studied pollutant by the adsorbents. The intercept, (I) values are > 0 for 
all the pollutants while Tables 10a and 10b indicate that the intra- 
particle diffusion was not the only controlling step. The result ob
tained implies that the rate of adsorption of the pollutants involved 
multi-kinetic stages. Also, the Boyd kinetic helps to identify whether the 
rate-determining step is an external transport or intra-particle transport 
during the adsorption process. The linearity indicates that the initial 
concentration of the pollutants and external mass transport controlled 
the rate of adsorption. 

Considering the intraparticle diffusion and Boyd models, the mech
anism for the studied pollutants uptake onto the adsorbents may follow 
these assumptions: (i) bulk diffusion (ii) film diffusion (iii) intraparticle 
or pore diffusion (iv) ionic nature of the sorbate (chemical reaction 
through ion exchange). 

3.10. Thermodynamic studies 

In order to understand the mechanism involved in the adsorption 
process vis-a-viz effect of temperature; thermodynamic parameters were 
studied and evaluated from the adsorption system. The change in Gibbs 
free energy (ΔG), enthalpy (ΔH) and entropy (ΔS) at respective tem
peratures were computed using the following equations: 

Kd =
qe

Ce
(21)  

ΔG = − RTlnKd (22)  

ΔG = ΔH − TΔS (23)  

Where the values of ΔG, ΔH and ΔS were measured in kJ/mol, kJ/mol 
and J/molK respectively. T is the absolute temperature (K), R is the 
universal gas constant (8.314 J/molK). The ΔH and ΔS were evaluated 
from the slope and the intercept through the extrapolation from the plot 
of distribution coefficient (K) against 1T. The values of ΔH, ΔS and ΔG are 
presented in Tables 11 and 12. 

According to Tables 11 and 12, it can be observed that the value of 
ΔH and ΔS were positive. The positive value of ΔH showed that the 
adsorption process was endothermic in nature. While the positive value 
of ΔS indicated an increase in the degree of randomness during the 
sorbate-sorbent interaction. Taghlidabad et al. (2020) reported similar 
finding on the adsorption of Cd ion using biochar as an adsorbent. They 
noticed that the adsorption of Cd ion increased with an increasing 
temperature. However, in this case, it was observed that the Gibbs free 
energy-reduced with an increase in temperature indicating driving 
force, leading to higher adsorption capacity. Therefore, at higher tem
perature, adsorption process increased owing to the increase in 
randomness of adsorbent-adsorbate interface. The thermodynamic 
studies on the removal of these pollutants suggest chemical adsorption 
(chemical bonds) due to the strong interface between the adsorbate and 

adsorbents, allowing pollutant to adhere on the surface of the 
nanoadsorbents. 

3.11. Desorption and regeneration studies 

Desorption study of kaolin/TiO2 nanocomposites is shown in Fig. 12 
(a). From the batch elution results, it is evident that the CH3COOH and 
deionized water performed poorly as eluting agent. Desorption effi
ciency in the system follows the order HNO3 > CH3COOH > deionized 
water. Desorption efficiency obtained for kaolin/TiO2 nanoadsorbents 
were 98.2 % (Cr), 90.1 % (Cd) and 93 % (Pb) for HNO3, 67.4 % (Cr), 
58.2 % (Cd) and 52.5 % (Pb) for CH3COOH and 46.9 % (Cr), 54.2 % (Cd) 
and 51.5 % (Pb) for deionized water. Fig. 12 (b) show the removal ef
ficiency of kaolin/TiO2 nanoadsorbent cycle when adsorbents were 
treated with 0.1 M EDTA. The reduction in efficiency of the nano
adsorbents was observed for adsorption of metal ions without regener
ation as seen in Fig. 12 (c). In Fig. 12 (b), EDTA showed good desorption 
ability for regeneration studies for high adsorption tendency of metal 
ion removal even after the fifth reusability cycles and support the 
findings of (Wang et al., 2019). 

4. Conclusion 

In summary, the synthesis, characterization and application of kaolin 
and kaolin/TiO2 nanoadsorbents for the removal of toxic pollutants in 
tannery wastewater were investigated. The synthesized nanoadsorbents 
were characterized before the adsorption for the removal of COD, BOD, 
nitrate, cadmium, lead and zinc from tannery wastewater using XRD, 
FTIR, HRTEM, SAED, EDX, HRSEM and BET. Adsorption studies were 
performed under different condition such as contact time, dosage and 
temperature. The kinetic and isotherm studies were used to describe the 
adsorption equilibrium of the pollutants onto the adsorbents. Sequel to 
this information, the following conclusions are drawn:  

• The characterization result revealed plate-like morphology of the 
beneficiated kaolin and anatase phase of the synthesized TiO2 at a 
calcination temperature of 450 ◦C. 

• XRD, HRSEM, HRTEM, FTIR, EDX and BET demonstrated the pres
ence of the TiO2 nanoparticles on the layer of kaolin. The nano
adsorbent showed the existence of functional groups related to both 
kaolinites and TiO2, and mesoporosity of the adsorbents. 

• The optimum conditions for maximum removal of COD, BOD, ni
trate, lead, cadmium and chromium adsorption were 0.2 g of the 
adsorbent, pH 5.84 with 150 rpm shaking speed. 

• The adsorption process was greatly dependent on dosage and tem
perature. The percentage of pollutants removal increased by 
increasing the dose and temperature. The increase in dosage is due to 
the increase in the available active sites for the uptake of the 
pollutants.  

• The adsorption data of pollutants fitted best for R-P isotherm model 
in most cases. Hence, the surface adsorption can be considered as 
homogeneous with monolayer coverage and high maximum 

Table 10a 
Parameters and correlation coefficient (R2) of kinetic models for the adsorption 
of COD, BOD and nitrate onto kaolin/TiO2.  

Parameter Sample Boyd 
Model 

Intra-Particle 
Model     

R2  Kid  I  R2  

COD Kaolin 0.81404 7.289 248.713 0.5551  
KT 0.87696 12.578 310.506 0.6427 

BOD Kaolin 0.71006 3.022 86.166 0.66822  
KT 0.87405 2.288 104.746 0.60812 

Nitrate Kaolin 0.75083 0.05834 13.183 0.17301  
KT 0.92246 0.68693 18.367 0.76476  

Table 10b 
Parameters and correlation coefficient (R2) of kinetic models for the adsorption 
of Pb, Cd and Cr onto kaolin/TiO2 at dosage (0.2 g), temperature (298 K) and pH 
(5.84).  

Parameter Sample Boyd Model Intra-Particle 
Model     

R2  Kid  I  R2  

Lead Kaolin 0.82982 0.0107 0.144 0.21096  
KT 0.90455 0.0152 0.139 0.53946 

Cadmium Kaolin 0.8066 0.0197 0.0709 0.80749  
KT 0.90916 0.0184 0.0761 0.67984 

Chromium Kaolin 0.77958 0.0268 0.846 0.15207  
KT 0.83948 0.0177 0.932 0.72089  
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Table 11 
Thermodynamic parameters of COD, BOD and nitrate removal onto kaolin and kaolin/TiO2 (KT).  

Parameter Sample       ΔG (kJ/mol)

R2  ΔH (kJ/mol) ΔS (J/molK) 303K 313K 323K 333K 343K 353K 

COD Kaolin 0.88560 9.827 28.816 1.096 0.808 − 0.519 0.231 0.569 − 0.345  
KT 0.97060 8.923 30.604 − 0.350 − 0.656 − 0.962 − 1.268 − 1.574 − 0.345 

BOD Kaolin 0.97300 13.47 40.48 1.205 0.800 0.395 0.00984 − 0.415 − 0.819  
KT 0.95646 9.891 32.716 0.022 − 0.349 − 0.676 − 1.003 − 1.331 − 1.658 

Nitrate Kaolin 0.96578 13.398 32.007 3.700 3.380 3.060 2.740 2.420 2.100  
KT 0.94717 15.562 40.847 3.185 2.777 2.368 1.960 1.552 1.143  

Table 12 
Thermodynamic parameters of Pb, Cd and Cr removal onto kaolin and kaolin/TiO2 (KT).  

Parameter Sample       ΔG (kJ/mol)

R2  ΔH (kJ/mol) ΔS (J/molK) 303K 313K 323K 333K 343K 353K 

Lead Kaolin 0.90400 24.631 77.825 1.053 0.272 − 0.507 − 1.285 − 2.063 − 2.841  
KT 0.90121 51.799 169.714 0.376 − 1.322 − 3.019 − 4.716 − 6.413 − 8.110 

Cadmium Kaolin 0.93850 35.713 105.904 3.624 2.588 1.506 0.447 − 0.612 − 0.1671  
KT 0.89801 37.629 110.452 4.162 3.058 1.953 0.849 − 0.256 − 1.361 

Chromium Kaolin 0.90041 18.725 68.898 − 2.151 − 2.840 − 3.529 − 4.218 − 4.907 − 5.596  
KT 0.87628 14.996 58.92 − 2.857 − 3.446 − 4.035 − 4.624 − 5.214 − 5.803  

Fig. 12. (a) Desorption study of kaolin/TiO2 nanoadsorbent after adsorption (b) Reusability cycles with 0.1 M EDTA for Cr, Cd and Pb removal (c) Reusability cycle 
without 0.1 M EDTA for Cr, Cd and Pb. 
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adsorption energy due to some mechanical contacts between the 
liquid-solid interfaces.  

• The results provided from the various kinetic models employed 
showed good correlation coefficient and lowest Chi-square values of 
the pseudo-second order kinetic model, for the adsorption of 
pollutants.  

• The Boyd and intra-particle diffusion model as the rate-determining 
steps control the adsorption process mechanism. Their plots do not 
pass through the origin, indicating some degree of boundary layer 
diffusion. This is attributed to chemical reaction through ion ex
change, bulk, film and pore diffusion to the external surface of 
adsorbents.  

• The thermodynamic parameters indicate that the adsorption process 
is spontaneous and endothermic. This result was supported by the 
increasing adsorption removal of the studied pollutants with an in
crease in temperature. 
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