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Abstract— The importance of water purification especially removal of both organic and inorganic contaminants cannot be 
overemphasized, hence the need to develop water purification materials that are cheap, easily available and efficient. This would ensure 
realization of the Clean Water and Sanitation Sustainable Development Goal (SDGs). The current study involves isolation of clay 
nanoparticles (CNP) and functionalizing them with Cetylpyridinium Chloride (CPC) and Tetradecyltrimethylammonium Bromide (TTAB) to 
form C-CPC and C-TTAB respectively, so as to increase efficiency in removal of lead, cadmium and pentachlorophenol (PCP) through 
batch process. Clay was acquired locally, purified and CNP isolated by sedimentation and centrifugation. The CNP, C-CPC and C-TTAB 
were characterized using Fourier Transform Infra-Red (FTIR) spectroscopy, X-Ray Diffractometry (XRD), Scanning Electron Microscopy 
(SEM) and High Resolution Transmission Electron Microscopy (HRTEM). HRTEM revealed a particle size of 12-15 nm for the three 
adsorbents. CNP had a lead removal efficiency of 88% at initial concentration of 80 ppm and 94% for Cadmium at initial concentration of 
50 ppm, while C-CPC and C-TTAB had lead removal efficiencies of 98%. For cadmium removal, C-CPC and C-TTAB had 98.2% and 
98.6% efficiencies respectively. In pentachlorophenol (PCP) adsorption, CNP, C-CPC and C-TTAB had removal efficiencies of 85.6%, 
87.7% and 84.6% respectively. The findings suggest that isolation of CNP and consequent modification with the surfactants increases 
adsorption efficiency of clay against the water pollutants. 

Index Terms— CNP, C-CPC, C-TTAB, Lead, Cadmium, PCP and Adsorption   

——————————      —————————— 

               1.0 INTRODUCTION                                                                     

Water purification is a process of great impor-
tance, since it helps in the removal of both organic 
and inorganic contaminants from water, thus 
rendering water safe for drinking and other port-
able uses [1]. Growth and development of sectors 
like production industry and agriculture have led 
to competition for fresh water resources with hu-
man population. These sectors have also contri-
buted largely to pollution of the available water 
resources. This problem has been aggravated by 
the increasing human population and lack of suf-
ficient rainfall in many parts of the world [2], 
hence the need to maintain or sustain the availa-
ble water resources and purify waste water so 
that it can be reused. Water purification is a global 
practice and many convectional processes are 
being used for removal of organic and inorganic 
water contaminants. These methods include ion-
exchange, precipitation, chemical coagulation, 
membrane separation, electroplating, sorption 
(adsorption and biosorption) and electro kinetics 
[1]. A lot of research work is being carried out on 
new and innovative methods of water purifica-
tion, such as; reverse osmosis and supercritical 
water technology [3]. Among the purification me-

thods mentioned, adsorption is considered as the 
most promising method due to its low cost of op-
eration, ease of availability of adsorbents and its 
efficiency. Furthermore, other methods have a 
number of de-merits: high operational cost, poor 
efficiency, unavailability and generation of large 
amounts of sludge wastes [4]. Water may contain 
physical, chemical and biological contaminants 
which may have adverse effects on human health.  
Heavy metals are among chemical inorganic con-
taminants that are present in water. Although 
heavy metals have been known to have several 
adverse effects on human health as studied by 
international bodies like WHO, their usage in 
some parts of the world has increased especially 
in the developing or less developed countries [5]  
Cadmium occurs in compounds such as color 
pigments, polyvinyl chloride products, re-
chargeable nickel–cadmium batteries, emissions 
from industries, fertilizers and sewage sludge 
coming into contact with water bodies or farming 
land and washed off to nearby water bodies by 
runoff. Its health effects include kidney damage, 
acute pulmonary effects, skeletal damage and 
cancer. The permissible limit of cadmium in water 
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is 0.003 ppm [6]. Lead exposure mainly occurs in 
mines and smelters where high levels in air emis-
sions pollute areas adjacent to these industries, 
[6]. Another major lead exposure route is via 
paints since lead driers are used in paint formula-
tion. Previously, lead was used as a fuel additive 
and fuel emissions were the major lead exposure 
routes to the environment, but with the introduc-
tion of unleaded fuels, lead exposure through fuel 
emissions has greatly decreased. Another main 
anthropogenic source of lead to environment is 
through pesticides. Toxic effects of lead may be 
seen on the gastrointestinal, renal and nervous 
systems. The target organs are brain, thyroid 
gland and kidneys. Lead permissible limit in wa-
ter is 0.01 ppm [5]. Pentachlorophenol (PCP) is a 
compound under the organo chlorine group that 
finds application as a pesticide and disinfectant. 
Its molecular formulae is C6HCl5O and is mainly 
found as PCP sodium salt, which is soluble in 
water [7]. PCP has exposure health effects on kid-
ney, blood, liver and immune system. It also 
causes acute leukemia. The permissible limit of 
pentachlorophenol is 0.001 mg/l, [8] 
Clay is made up of silica and alumina (silicate of 
aluminum) and has many applications like ceram-
ic making, catalysts, coating and paper industry, 
biosensors and as an adsorbent for heavy metals 
and when modified, adsorbent for organic mole-
cules [9]. It has many minerals, over 400, but the 
ones that can be used as adsorbents and be syn-
thesized to nano particles are kaolinite and mon-
tomorilonite (smectite) groups of clay minerals 
[9]. Smectite is a non-metallic clay with a monoc-
linic crystal structure and a general formula (Ca, 
Na, H) (Al, Mg, Fe, Zn) 2(Si, Al) 4O10 (OH) 

2·nH2O. The various smectite types are montomo-
rillonite, bentorite, nontronite, beidellite, saponite 
and hectorite. It is used as a sorbent in water puri-
fication by adsorption method since it possess a 
high specific surface area, chemical and mechani-
cal stability, and a number of structural and sur-
face properties i.e. the intergalley space placed 
between the silica tetrahedral sheet and alumina 
octahedral sheet contains exchangeable cations 
and tetrahedral silica sheet which is negatively 
charged as a result of isomorphic substitution of 
the cations. These two properties make clay na-
noparticles (CNP) to be strong adsorbents for 
metal cations, [9]. Khalfa and Bagane [11] re-
ported to have removed cadmium from aqueous 
solution using natural and activated clays and 
Darban [12] synthesized nano-alumina powder 
with high surface area of 201.53 m2/g and small 

particle size of 22-36 nm from impure kaolin and 
used it for removal of arsenite from aqueous solu-
tions, where he achieved an adsorption recovery 
of 97.65% from an initial arsenite concentration of 
10 mg/l. Clay is highly hydrophilic and is con-
verted to hydrophobic nature by functionalizing 
with organo modifiers which are quaternary am-
monium salts, that possess a permanent positive 
charge. They undergo cation exchange with the 
cations in the intergallery space [13].  
Cetylpyridinium Chloride (CPC) is a quaternary 
ammonium salt with a molecular formulae of 
C12H38N Cl, and is highly soluble in water [14]. 
Liao min [15] reported a 78.81% removal percen-
tage of acetochlor for organoclays made by sur-
face modification of montomorillonite with CPC. 
Tetradecyltrimethylammonium Bromide (TTAB) 
is an organo modifier with molecular formulae of 
C17H38N Br. Liao min [15] also reported TTAB-
bentonite and TTAB-montomorillonite to have 
acetochlor removal percentages of 89.15% and 
63.94% respectively. 
Clay has previously been used in water purifica-
tion as stated above. Kenyan clay has also been 
used for remediation of pollutants from water. In 
both occasions, micro sized clay was used. Isola-
tion of CNP and surface modification with surfac-
tants increases efficiency, thus achieving better 
results. The current study involves isolation of 
CNP from locally available clay and modification 
of the CNP with quaternary ammonium salts for 
removal of PCP, lead and cadmium from water. 
 
2.0 MATERIALS AND METHODS 
 
2.1 Isolation of Clay Nanoparticles 
Clay soil was obtained from Jomo Kenyatta Uni-
versity of Agriculture and Technology (JKUAT) 
compound, in Juja, Kiambu County, Kenya 
(1005’23.214’’S, 37000’50.124’’E). After collection, 
100 gms of the clay soil was sieved through mesh 
no. 35 with a 420 μm opening, and treated with 1L 
of 10% H2O2 (Kobian Chemicals, 99.8% purity) 
followed by 1L of 0.5 M NaOH (Kobian Chemi-
cals, 99.8% purity) to get rid of any organic mate-
rials, then washed with distilled water twice (to 
get rid of traces of H2O2 and NaOH) and dried in 
the oven at 800C for 24 hours. CNP were isolated 
through sedimentation and centrifugation accord-
ing to [16]. After isolating CNP, modification was 
done using CPC and TTAB (Sigma-Aldrich, 99% 
purity) quaternary ammonium salts according to 
[17] method. The CNP CEC (Cation Exchange 
Capacity) was 89 meq/100 g and was determined 
using acetate method. 
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2.2 Characterization of Clay and Modified Clay 
Nanoparticles 
Both clay and modified clay nano particles were 
characterized using various methods; Shimadzu 
8400 series Fourier Transform Infrared (FTIR) 
spectrometer (400-4000 cm-1) for functional 
groups determination, XPERT-PRO X-ray Diffrac-
tion (XRD) diffractometer with Gonio Scan Axis 
and Cu Kα (λ = 1.540 nm) radiation for determi-
nation of d spacing, Philips / FEI (XL30) Scanning 
Electron Microscope (SEM) and TECNAI F3OST-
TEM High Resolution Transmission Electron Mi-
croscope (HR-TEM) for morphology and particle 
size investigation. Both SEM and TEM micro-
graphs were analyzed using Pebbles software for 
particle size distribution, [18] 
 
2.3 Adsorption Studies 
One factor at a time method was used in adsorp-
tion studies where batch process experiments 
were set up each in triplicate. The stock solutions 
of lead, cadmium and PCP were prepared using 
Pb (NO3)2, Cd (NO3)2.4H2O and PCP Na salts 
(Kobian Chemicals Ltd, 99.8% purity) respective-
ly. Percentage removal was calculated using equ-
ation 1 and quantity adsorbed at equilibrium us-
ing equation 2 

 ----- Equation 1 

 ------------------------ Equation 2 

Where  is adsorbed quantity at equilibrium,  
is initial concentration,  is final concentration, 

 is mass of the adsorbent and  is the volume 
of the solution. 
 
2.3.1 Optimization of Lead, Cadmium and PCP 
Initial Concentration 
Lead initial concentrations ranged from 10, 20, 40, 
60, 80 and 100 ppm, cadmium from 10, 20, 50, 100, 
150 and 250 ppm and 2, 4, 6, 8, 8 and 10 ppm for 
PCP. For lead and cadmium, a volume of 50 ml 
for each concentration was placed in a beaker, one 
gram of each adsorbent (CNP, C-CPC and C-
TTAB) added, agitated for two  hours at 100 rpm 
using rotary shaker then filtered using Whatmann 
filter paper No. 42 and then analyzed using Shi-
madzu AA 6200 Atomic Absorption Spectrometer 
(AAS). Lead concentrations were set at pH 4.56 

and cadmium at pH 1.51. For PCP, 10ml of each 
was placed in a beaker, one gram of adsorbent 
added, equilibrated for 24 hours, then filtered 
with micro filter (0.45 µm) and analyzed using 
UFLC Shimadzu High Performance Liquid 
Chromatography (HPLC) with a SPD M20A 
Prominence Diode Array detector. HPLC condi-
tions: Column (Supelco C18, 15cm x 4.6 mm, 
5μm), temperature (300C), flowrate (10μl/min) 
and mobile phase (acetonitrile: water 65:35). Wa-
velength (284 nm) 
 
2.3.2 Optimization of Lead, Cadmium and PCP 
adsorption Contact Time 
Contact time was varied in the order 10, 30, 50, 
100, 150 and 200 minutes for both lead and cad-
mium, and 2, 4, 8, 12 and 24 hours for PCP. For 
lead, initial concentration was set at 80 ppm, 100 
ppm for cadmium and 10 ppm for PCP. One gram 
of each of the three adsorbents was added to each 
50 ml solution, agitated at 100 rpm for each time 
interval, filtered using Whatmann filter paper No. 
42  and analyzed using AAS as in 2.3.1. pH was 
set at 4.56 and 1.51 for lead and cadmium respec-
tively. For PCP, a time interval of 2, 4, 8, 12 and 24 
hours was used for the equilibration process, then 
filtered using micro filters (0.45 µm) and analyzed 
using HPLC as in 2.3.1. 
 
2.4 Adsorption Isotherms 
Adsorption isotherms help in determination of 
the adsorbed quantity and characteristics of the 
adsorption process. 
 
2.4.1 Langmuir Isotherm 
Data from optimization of initial concentration is 
fitted in Langmuir isotherm and if it fits, the ad-
sorption reaction follows a monolayer process. 
Equation 3 illustrates the Langmuir isotherm. A 

plot of  verses  is drawn, where and b are 

derived from the slope and intercept respectively. 

 ------------------------- Equation 3 

Where  is Langmuir constant and  is maxi-
mum adsorbed quantity. 
 
2.4.2 Freundlich Isotherm 
Data from optimization of initial concentration is 
also fitted in freundlich isotherm and if it fits, the 
adsorption reaction follows a multilayer process. 
It is illustrated in equation 4, where a graph of 

verses  is plotted,  and are derived 

from the slope and intercept respectively. 

IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research, Volume 7, Issue 10, October-2016                                                               917 
ISSN 2229-5518 

IJSER © 2016 
http://www.ijser.org  

----------------- Equation 4 

Where  constant is related to the intensity of 
adsorption energy and  is freundlich constant. 
 
 
2.4.3 Flory-Huggins Isotherm 
Flory-Huggins isotherm model is used in deter-
mination of the degree of surface coverage charac-
teristic of adsorbate on the adsorbent. Equation 5 
below depicts its representation where a graph of 

 against  is plotted.  

and  are derived from the slope and intercept 
respectively 

--------

Equation 5 
Where  is the degree of surface coverage and 

 is the Flory-Huggins constant. 
 
2.5 Adsorption Rate Models 
Rate models assist in describing how fast or slow 
the adsorption reaction takes place and the num-
ber of active sites present in the adsorbent.  
 
2.5.1 Pseudo-first Order rate model 
Data from the optimization of contact time is fit-
ted in Pseudo-first order rate model and if it fits, 
the adsorbent has only one kind of active site. 
This model is represented by equation 6, where a 
graph of  verses  is plotted.  
and  are derived from the intercept and slope 
respectively. 

--- Equation 6 

Where  is the amount adsorbed at equilibrium, 
 is amount adsorbed at time t and  is pseu-

do-first order rate reaction. 
 
2.5.2 Pseudo-second Order rate model 
Data from the optimization of contact time is fit-
ted in to Pseudo-second order rate model and if it 
fits, the adsorbent has more than one kind of ac-
tive site. Equation 7 represents pseudo-second 

order rate model. A graph of  verses  is plot-

ted.  and  are derived from the slope and 
intercept respectively. 

-------------------------- Equation 7 

Where  is the pseudo-second order rate con-
stant. 

 
 
 
 
 
 
 
3.0 RESULTS AND DISCUSSIONS 
 
3.1 Clay Nanoparticles (CNP) 
Clay nanoparticles were successfully isolated as 
confirmed by the HR-TEM images in figure 1 A. 
The average particle size was ~13.5 nm as shown 
in the histogram inset. Clay is made up of tetra-
hedron silica layers and octahedron alumina lay-
ers, but in figure 1 A, crystals with hexagonal 
shapes can be seen. This can be attributed to trun-
cated octahedron (TO) shape, [19]. Figure 1 B and 
1 C depict HRTEM images of C-CPC and C-
TTAB, with an average particle size of ~14 nm. A 
closer look at figures 1 A, 1 B and 1 C, agglomera-
tion can be seen in Figure 1 B and 1 C as a result 
of modification. The alkyl chains occupy the nega-
tively charged clay surface, thus eliminating the 
repulsive electrostatic forces, leading to agglome-
rates formation, [20]. The modification process 
involved introduction of organic cations to the 
negatively charged clay surface, which are 
bonded strongly by electrostatic forces. The silox-
ane surface form van-der-waal interactions with 
alky chains of CPC and TTAB [21]. In the clay 
gallery space, modification could be attributed to 
intercalation via cation exchange since CPC and 
TTAB are quaternary ammonium salts with a 
permanent positive charge. Figure 2 shows the 
plausible modification schematic representation 
with the resulting orientation of micelle in the 
clay particle. This orientation could be attributed 
to loading occurring slightly in the gallery space 
and intensely in the siloxane surfaces, as a result 
of the surfactant molecule being too big to fit in 
gallery space, [22]. Figure 3 depicts the colorized 
SEM images of clay particles, CNP and 3D recon-
struction images. These images were colorized 
and reconstructed using Mountain 7 software. 
The colorization is based on the shape and size of 
the particles. The 3D reconstruction images are 
created by reconstruction of four identical SEM 
micrographs. In figure 3 B and 3 D, the morphol-
ogy of the clay particles can be seen to be rugged 
an indication that the clay particles and CNP did 
not have a definite shape. Figure 3 A is the SEM 
image (scale 100 µm) of the clay particles prior to 
sedimentation and centrifugation processes show-
ing average particle sizes of ~56 µm. Figure 3 C is 
the SEM image after the isolation processes which 
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reveals average particle size of ~164 nm. This is a 
clear indication that the isolation processes great-
ly reduced the particle size distributions of the 
clay particles. 
 
 
 
 
                                           
 

  
 

 
 

 
 
Figure 1: HR-TEM images of CNP (A), C-CPC (B) 
and C-TTAB (C). Inset, particle size distributions 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2: Schematic representation of modification 
of clay nanoparticles with of CPC and TTAB 
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Figure 1. SEM images of clay particles (A), 3D reconstruction image of clay particles (B), SEM image of clay na-
noparticle (C) and (D) 3D reconstruction image of clay nanoparticles. Inset is particle size distribution histo-
grams
 
 
 
3.2 Characterization of Clay Nanoparticles 
(CNP) and Functionalized Clay nanoparticles 
(C-CPC and C-TTAB) 
Fourier Transform Infra-Red (FT-IR) Spectroscopy 
was used to characterize the functional groups 
present in the three adsorbents as depicted in fig-
ure 4 and table 1.  Maina [23] further discussed 
the CNP spectrum. In figure 4 A, the C-CPC spec-
trum shows CH2 antisymmetric stretching at 
2920.0 cm-1 and 2854.5 cm-1 for symmetric stret-
ching of the same CH2. The peak at 1477.4 cm-1 
seen in the spectra of CPC and C-CPC can be at-
tributed to bending vibrations of C-H fragments. 
The peak at 3062.7 cm-1 in the C-CPC spectrum is 
an indication of presence of a benzene ring since 
the peak is as a result of C-H stretching on the 
benzene ring. 
 
 
 

 
 
 
 
 
In figure 3 B, 2923.6 and 2923.9 cm-1 depicts anti-
symmetric stretching of CH2 for TTAB and C-
TTAB respectively. Symmetric CH2 stretching for 
both TTAB and C-TTAB are 2850.6 and 2854.5 cm-

1 respectively. In TTAB spectrum, 1477.4 cm-1 is as 
a result of bending vibration of C-H fragments, 
which is also evident in C-TTAB spectrum at 
1469.7 cm-1. The presence of peaks of CPC and 
TTAB surfactants in the C-CPC and C-TTAB spec-
tra respectively was an indication that modifica-
tion had occurred. The absence of peaks in both 
C-CPC and C-TTAB spectra that were not present 
in CNP spectrum and could not be accounted for 
is an indication that the modification process fol-
lowed physisorption process. 
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Figure 2: FTIR spectra of A (CNP, CPC and C-CPC) 
and B (CNP, TTAB and C-TTAB) 
 
Table 1: FTIR peaks assignment for CNP spectrum 
 

Frequency (cm-1) Peak assignment 

3620.1 Structural OH stretching 

3442.7 Water OH stretching 

1649.0 Water OH deformation 

1035.7 Si-O stretching 

914.2 Al-Al-OH deformation 

790.8 Si-O quartz and silica 
stretching 

 
 
 
 
 
 
 

X-ray Diffraction Spectroscopy (XRD) was used to 
confirm intercalation of the surfactants into the 
clay interlayer space (Figure 5).  The XRD patterns 
depict peaks at 2θ: 19.890, 34.930 and 61.970 with 
hkl mirror indices (200), (222) and (531) respec-
tively. Both (200) and (222) had body-centered 
lattice (bcc) and face-centered lattice (fcc). (531) 
had (fcc) [24]. A search of the acquired WXRD 
spectrum of CNP in CRYSTMET database, [25] 
revealed that these peaks and mirror indices are 
characteristic of Montmorillonite clay. Wanyika, 
(2014) in his research work did WXRD on pure 
Montmorillonite and reported peaks at 2θ: 200, 350 
and 620. A closer look at peak 2θ 19.70 shows that  
there is an increase in the d spacing of CNP from 
4.463 Å to 4.464 Å and 4.465 Å for C-CPC and C-
TTAB respectively. The slight increase in the d 
spacing could be attributed to the alkyl chains of 
the surfactants assuming a C-C-C plane arrange-
ment parallel to the layers in the intergallery 
space, [10].  This could be attributed to CPC and 
TTAB surfactant molecules being large and rigid. 
This is depicted in figure 2 and discussed in 3.1. 
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Figure 3: WAXRD patterns for CNP, C-CPC and C-
TTAB 
 
3.2 Adsorption Studies 
 
3.2.1 Optimization of Initial Concentration 
Figure 6 depicts the removal efficiency verses ini-
tial concentration graphs that were used in the 
initial concentration optimization adsorption stu-
dies of lead, cadmium and PCP. In figure 6 A for 
CNP adsorbent, as the initial concentration of lead 
increases, the removal efficiency increases. This 
could be attributed to competition of the siloxane 
and oxyhydroxyl active sites of CNP adsorbent 
[21] and exchangeable cations by the lead ions. 
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The initial lead concentration provides the force 
needed to overcome the mass transfer resistance 
from the liquid phase to the solid phase, hence an 
increase would automatically provide more force 
thus more removal efficiency [25]. For C-CPC and 
C-TTAB adsorbents, as the initial concentration 
increases, the removal efficiency decreases and 
this can be attributed to exhaustion of the adsor-
bents active sites by lead ions as the initial lead 
concentration increases. Figure 6 B depicts a re-
moval efficiency verses initial cadmium concen-
tration graph for CNP, C-CPC and C-TTAB ad-
sorbents. It can be seen that as the initial concen-
tration increases, the removal efficiency decreases 
and this can be attributed to exhaustion of the 
adsorbent active sites by the cadmium ions as the 
initial cadmium concentration. In lead adsorption 
using CNP, as the initial concentration increases, 
the removal efficiency increases, while for cad-
mium adsorption with the same adsorbent, a re-
verse trend is observed. This could be attributed 
to the smaller ionic radius of Cd2+ (0.97 Å) as 
compared to Pb2+ (1.19 Å) [27], thus can access 
inner sphere surface of clay by passing the silox-
ane ditrigonal cavity which is 1 nm in diameter 
[21], thus adsorption of Cd2+ will occur at inner 
and outer sphere surfaces of clay hence the high 
removal efficiencies in the initial stages and which 
depleted as initial concentration increases.  Figure 
6 C shows removal efficiencies verses initial PCP 
concentration graph for CNP, C-CPC and C-TTAB 
adsorbents. As the initial concentration increases, 
the removal efficiency increases, this is as a result 
of competition of the active sites of the three ad-
sorbents by the PCP molecules. CNP revealed 
higher removal efficiency as compared to C-CPC 
and C-TTAB in the initial stages which could be 
attributed to the fact that when a phenol is dis-
solved in water, it forms a phenoxide which is 
acidic. If an electron withdrawing group is at-
tached to the benzene ring, it increases the acidic 
by decreasing the negative charge of the phenox-
ide [28]. In the case of PCP, five chlorine atoms 
are attached to the phenol hence make it strongly 
acidic thus can attack the edge hydroxyl group 
(silanol) which are more active than the basal hy-
droxyl group [21]. As initial concentration in-
creased to 6 ppm, both C-CPC and C-TTAB 
caught up with CNP due to the depletion of sila-
nol active sites which caused a significant drop of 
removal efficiency at concentration 10 ppm. C-
CPC and C-TTAB adsorption for PCP was via 
partition process where the alkyl chains of the 
CPC and TTAB surfactants partitioned with the 

PCP molecules [15]. Functionalization brought 
about increment in the gallery space hence the 
PCP molecules could be trapped in the gallery 
space. 

0 20 40 60 80 100
50

60

70

80

90

100

 

 

Re
m

ov
al

 E
ffi

cie
nc

y 
(%

)

Initial Concentration (ppm)

 Clay
 C-CPC
 C-TTAB

A

0 50 100 150 200 250
0

20

40

60

80

100

 

 

Re
m

ov
al

 E
ffi

cie
nc

y

Initial Concentration (ppm)

 Clay
 C-CPC
 C-TTAB

B

 
 

0 2 4 6 8 10

0

20

40

60

80

100

 

 

Re
m

ov
al

 E
ffi

cie
nc

y 
(%

)

Initial Concentration (ppm)

 Clay
 C-CPC
 C-TTAB

C

 
Figure 4: Removal efficiency (%) verses Initial con-
centration graphs for Lead (A), Cadmium (B) and 
PCP (C) using CNP, C-CPC and C-TTAB 
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3.3 Adsorption Isotherms 
 
3.3.1 Langmuir and Freundlich Isotherms 
Figure 7 A represent Langmuir isotherm for lead 
adsorption and 8 A freundlich isotherm for lead 
adsorption. A comparison of R2 values from table 
2 (Langmuir values) and 3 (Freundlich values), 
freundlich R2 value are close to 1 than Langmuir 
values hence the adsorption process best fitted in 
the Freundlich isotherm model implying it fol-
lowed a multi-layer process.  For CNP, since 1/n 
is above unity, a convex Freundlich can be used to 
characterize the adsorption process, while for 
both C-CPC and C-TTAB; a convex Freundlich 
cannot be used since 1/n was below unity [27]. In 
cadmium adsorption isotherm studies (figures 7 B 
and 8 B), comparison of R2 values of langmuir and 
Freundlich from table 2 and table 3 respectively, 
Langmuir R2 values are close to 1 than Freun-
dlich’s. This implies the adsorption process best 
fitted in the Langmuir isotherm model hence fol-
lowed a mono-layer process. CNP, C-CPC and C-
TTAB qm were 3.77, 23.91 and 66.36 mg/g respec-
tively. CNP had the least qm while C-TTAB had 
the most, an indication that C-TTAB adsorbed 
more cadmium ions than CNP. This could be due 
to increased pH as a result of TTAB basic group 
intercalation [21], and Cd2+ adsorption is favored 
in basic pH, [26]. In PCP adsorption isotherms 
studies (figures 7 C and 8 C), a closer look at R2 
values for Langmuir and Freundlich, CNP had 
both R2 values which were far away from 1 hence 
could not ascertain which isotherm fitted best. A 
closer look at freundlich’s n value (10), the ad-
sorption reaction is feasible since according to 
[29], if the n value is (2 < n ≤ 10) the adsorption 
reaction is feasible. C-CPC and C-TTAB adsorp-
tion reactions fitted well in Freundlich isotherm 
since the R2 was close to 1 than R2 of Langmuir 
isotherm thus the adsorption process followed a 
multilayer process. This could be attributed to the 
layer formed during modification; hence after 
adsorbing PCP molecules, another layer was 
formed hence following a multilayer process. 
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Figure 5: Langmuir Isotherm models for: A (Lead), 
B (Cadmium) and C (PCP) 
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Table 2: Langmuir Isotherm constants and val-
ues 

 
 
Table 3 Freundlich Isotherm constants and values 
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Figure 6 Freundlich Isotherm models for A (Lead),  
B (Cadmium) and C (PCP) 
 
3.3.2 Flory-Huggins Isotherm 
Figure 9 shows Flory-Huggins isotherm model 
that is used to describe the surface coverage of the 
adsorbate molecules on to the adsorbent particles. 
For lead, (figure 9 A) CNP had 0.20 αKF which is 
below unity, while C-CPC and C-TTAB was 1.51, 
which is above unity, thus implying more lead 
ions were adsorbed by C-CPC and C-TTAB com-
pared to CNP which could be attributed to the 
increase in the gallery space hence Pb2+ could 
access the inner sphere surface as discussed in 
3.2.1. In cadmium adsorption (figure 9 B) all αKF 
values were above unity which could be attri-
buted to the adsorption reactions following a mo-

 R2 qm b 
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0.9365 66.36 1.5 

CNP (PCP) 0.1275 0.31 3.16 
C-CPC(PCP) 0.9756 0.13 1.27 
C-TTAB (PCP) 0.6155 0.01 0.88 

 R2 KF 1/n n 
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C-TTAB 
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C-TTAB 
(PCP) 

0.6925  24.70 16.15 0.06 IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research, Volume 7, Issue 10, October-2016                                                               924 
ISSN 2229-5518 

IJSER © 2016 
http://www.ijser.org  

nolayer process as discussed in 3.3.1, hence the 
cadmium ions covered expansive surfaces of the 
three adsorbents. Figure 9 C depicts PCP adsorp-
tion where αKF values for CNP, C-CPC and C-
TTAB were 1.8, 0.76 and 0.64 respectively. CNP 
had 1.8 αKF which is above unit and can be attri-
buted to the higher removal efficiency in the ini-
tial stages as discussed in 3.2.1. C-TTAB had the 
lowest αKF (0.64) which was below unit and could 
be attributed to the adsorption reaction being a 
multilayer process as indicated in 3.3.1. 
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Figure 7: Flory-Huggins Isotherm models A (Lead), 
B (Cadmium) and C (PCP) 

 
Table 4: Flory-Huggins isotherm constants and values 
 
 R2 KFH αKF 

CNP (Lead) 0.7054 0.14 0.20 

C-CPC (Lead) 0.9948 4.4 x 10-3 1.51 

C-TTAB (Lead) 0.9963 3.89 x 10-3 1.51 

CNP (Cad-
mium) 

0.9808 1.0 x 10-3 2.30 

C-CPC (Cad-
mium) 

0.9787 7.92 x 10-4 1.83 

C-TTAB (Cad-
mium) 

0.9560 4.86 x 10-4 1.84 

CNP (PCP) 0.9580 0.03 1.8 

C-CPC (PCP) 0.9702 0.18 0.76 

C-TTAB (PCP) 0.9544 0.21 0.64 

 
 
3.4 Optimization of Contact Time 
Figure 10 depicts the removal efficiency verses 
contact time graphs that were used in the contact 
time optimization adsorption studies of lead, 
cadmium and PCP. Figure 10 A shows removal 
efficiency verses contact time for lead by the three 
adsorbents at different contact times. It can be 
observed that from 0 to 20 minutes, there is a 
sharp increase in the removal efficiency which can 
be attributed to the availability of more active 
sites [25] of the CNP and C-CPC. C-TTAB exhi-
bited a higher removal efficiency at 10 minutes 
than at 20 minutes which could be attributed to 
the initial competition of active sites hence the 
higher removal efficiency. From 20 minutes to 50 
minutes the removal efficiency increased gradual-
ly as a result of gradual exhaustion of the active 
sites [25]. The graph tends to flatten from 50 mi-
nutes thus the optimum contact time is 50 mi-
nutes for CNP and C-TTAB. For C-CPC there was 
an increase in removal efficiency from 100 to 150 
minutes, hence the optimum contact time is at 150 
minutes. In figure 10 B (cadmium adsorption), the 
graph follows an increasing trend as the contact 
time increases from 10 minutes to 30 minutes. 
This can be attributed to the fact that as you in-
crease contact time between the adsorbate (Cd2+) 
and adsorbent (CNP, C-CPC and C-TTAB), more 
adsorption will take place. Beyond 30 minutes, 
the removal efficiency flattens indicating that in-
itially, the number of active sites of the adsorbents 
was large but as time increases, there was exhaus-
tion in the number of active sites hence the flat-
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tening [25]. For PCP adsorption (figure 10 C), in 
all three adsorbents (CNP, C-CPC and C-TTAB) 
as time increased, the removal efficiencies in-
creased. This could have been attributed to more 
contact time for adsorbents and PCP molecules 
hence the trend. CNP revealed high removal effi-
ciency as compared to C-CPC and C-TTAB adsor-
bents. This could be as a result of competition for 
the only one kind of the active site (silanol) in 
CNP as compared to the more kinds of active sites 
(enlarged gallery space and alkyl chains of surfac-
tants) in C-CPC and C-TTAB, [21] 
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Figure 8: Removal Efficiency verses Contact time 
graphs for A (Lead), B (Cadmium) and C (PCP) 

 
3.5 Adsorption Rate Models 
 
 
3.5.1 Pseudo-First Order and Pseudo-Second  
Order Rate Models 
Lead and cadmium rate models studies are illu-
strated in figure 11 (11 A and 11 B for lead and 
cadmium respectively) for pseudo-first order and 
figure 12 (12A and 12 B for lead and cadmium 
respectively) for pseudo-second order. A compar-
ison of R2 values in table 5 (Pseudo first order) 
and  table 6 (Pseudo second order), pseudo 
second order  R2 values are close to 1 than for 
pseudo first order, hence the contact time optimi-
zation data best fitted well in this rate model. This 
implies that CNP, C-CPC and C-TTAB have more 
than one adsorption sites. For CNP, the sites are 
exchangeable cations present in the intergallery 
space and the negatively charged surface as a re-
sult of isomorphic substitution and the silanol 
groups [21]. For C-CPC and C-TTAB, the active 
sites are the inner sphere surface of clay as dis-
cussed in 3.2.1 and the alkyl chains of the modifi-
ers, where adsorption is via complexion, [30]. The 
initial rate constant of the adsorption process was 
found to be highest for C-TTAB and lowest for 
CNP, an indication that adsorption was faster in 
C-TTAB and slower in CNP. This was the rate 
determining step. For PCP adsorption rate model 
studies (figure 11 C for pseudo-first order and 12 
C for pseudo-second order), a comparison of R2 
values of pseudo first order and pseudo second 
order, CNP data fitted well in pseudo first order 
rate model, implying that it has one kind of active 
site (silanol groups) as discussed in 3.2.1. C-CPC 
and C-TTAB data fitted well in pseudo second 
order rate model hence had more than one kind 
of active sites (trapping of PCP molecules by the 
enlarged gallery space and partition of PCP mole-
cules by alkyl chains of surfactants) as discussed 
in 3.3.1. All the h values for all the three adsorbent 
from pseudo second order rate model were very 
low, which could be attributed to the contact time 
interval series used.  
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Figure 9:Pseudo-First Order Rate models for A 
(Lead), B (Cadmium) and C (PCP) 
 
 
 
 
 
 
 
 
 

Table 5 Pseudo-First Order Rate model con-
stants and values 
 
 R2 Kp1 qe 
CNP (Lead) 0.5947 1.61 x 10-3 1.10 
C-CPC (Lead) 0.7858 6.13 x 10-3 1.03 
C-TTAB (Lead) - - - 
CNP (Cad-
mium) 

- - - 

C-CPC (Cad-
mium) 

0.5074 3.22 x 10-4 8.00 

C-TTAB (Cad-
mium) 

0.7078 3.45 x 10-4 7.66 

CNP (PCP) 0.9259 0.07 1.07 
C-CPC (PCP) 0.2794 0.01 1.01 
C-TTAB (PCP) 0.3153 0.69 2.00 
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Figure 10 Pseudo Second Order Rate model A 
(Lead), B (Cadmium) and C (PCP) 
 
 
 
 
 
 
 
 
 
 
 

 
Table 6 Pseudo Second Order Rate model constants 
and values 
 
 R2 qe K2 H 
CNP (Lead) 0.9999 2.67 573.06 4085.29 
C-CPC (Lead) 0.9995 10.19 334.56 34,739.41 
C-TTAB (Lead) 0.9999 10.03 2568.32 258,375.30 
CNP (Cad-
mium) 

0.9948 4.75 173.63 3917.53 

C-CPC (Cad-
mium) 

0.9995 17.04 5509.68 1,599,799.5 

C-TTAB (Cad-
mium) 

0.9978 17.66 4836.10 1,508,201.6 

CNP (PCP) 0.1217 0.04 4.19 x 10-8 6.70 x 10-11 
C-CPC (PCP) 0.8903 0.005 4.3 x 10-8 1.08  x 10-11 
C-TTAB (PCP) 0.9633 0.005 4.3 x 10-8 1.08 x 10-11 
 
4.0 Conclusions 
In this study, CNP of average particle size of 
~13.5 nm were isolated. Functionalization using 
CPC and TTAB surfactants was successfully car-
ried out and confirmed by increment of d spacing 
of CNP from 4.463 Å to 4.464 Å and 4.465 Å for C-
CPC and C-TTAB respectively. The presence of 
both CPC and TTAB peaks in the FT-IR spectra of 
C-CPC and C-TTAB further confirmed modifica-
tion. CNP, C-CPC and C-TTAB revealed good 
adsorption capacities; CNP (0.20, 3.77 and 0.13 
mg/g for lead, cadmium and PCP respectively), 
C-CPC (33.69, 23.77 and 0.13 mg/g for lead, cad-
mium and PCP respectively) and C-TTAB (42.43, 
66.36 and 0.01 mg/g for lead, cadmium and PCP 
respectively). These adsorption capacities com-
pared relatively well with the capacities of acti-
vated carbon (27.5-120, 30 and 8 mg/g for phenol, 
lead and cadmium respectively), a convectional 
adsorbent used in water purification. C-CPC and 
C-TTAB depicted high adsorption capacities for 
lead and cadmium which could be attributed to 
the functionalization process. CNP exhibited high 
adsorption capacity for PCP molecules which 
could be as a result of the reduction of the phe-
noxide negative charge by the five chlorine 
groups in the benzene ring and subsequence at-
traction to the silanol groups in the clay surface. 
Based on results from this study, CNP, C-CPC 
and C-TTAB show good potential as nano adsor-
bents for remediation of lead, cadmium and PCP 
from water. 
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