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Abstract

The properties of Enugu kaolin were modified by thermal and alkaline hydrothermal means. The raw and modified kaolin
samples were characterized using Brunauer—-Emmett-Teller nitrogen adsorption surface area analysis, X-ray fluorescence,
X-ray diffraction, Fourier-transform infrared spectroscopy and Scanning electron microscopy techniques. The effective-
ness of the modified kaolin for the removal of lead(ll) ions from aqueous solution was studied and compared to that of
the raw kaolin sample. The results showed that the surface area of the modified samples increased from 19.170 m?/g to
247.889 m?/g, 208.745 m?/g and 221.608 m?/g, followed by an increase in the pore volume for the modified samples.
However, the modification led to a weak alteration to the kaolin structure. Residual ions detected by atomic absorption
spectroscopy showed that the modified kaolin samples have improved removal efficiency for Pb(ll) (83%, 88%, 85%)
when compared to the raw sample (33%). The adsorption capacities of the raw kaolin and modified kaolin (sample C)
were observed to increase with increase in contact time, initial metal ion concentration and adsorbent dose. The adsorp-
tion of Pb(ll) unto the raw and modified kaolin followed Freundlich (R>=0.9937) and Langmuir (R?=0.9837) adsorption
isotherm models respectively. The modified kaolin efficiently eliminated Pb(ll) from aqueous solution. Enugu kaolin has
the potential to be a catalyst-type material based on the surface analysis and adsorption experiments.
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Abbreviations 1 Background

AAS Atomic absorption spectroscopy

BET Brunauer-Emmett-Teller The rapid increase in the world population in the last

FT-IR  Fourier-transform infrared spectroscopy 100 years and the vast industrial revolution has spiked

IUPAC International Union of Pure and Applied the demand for fresh water and wastewater production.
Chemistry Due to the fact that the demand for fresh water is higher

SEM Scanning electron microscopy than supply, there is need therefore, for special treatment

XRD  X-ray diffraction to obtain water of good quality and environmentally less

XRF X-ray fluorescence hazardous effluents [1]. The aggressive usage of water

domestically and industrially have made water contami-
nated by heavy metal ions very problematic in several
parts of the world [2]. Heavy metals are toxic, stable and
bio accumulative in nature and therefore considered as a
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major environmental concern [3]. Most industrial waste
waters carry detrimental amounts of heavy metals like
lead, nickel and cadmium that goes into solution from pig-
ments, metal coatings, photography and printing indus-
tries [4]. Humans and other living organisms react differ-
ently to heavy metal toxicity. Lead for example is harmful
to the nervous system, liver and kidney. The world health
organization stipulated that lead in drinking water must
not exceed 0.07 mg/L [5]. Conventional ways to remove
heavy metal contamination from wastewaters include
electroplating, chemical coagulation, precipitation, ion-
exchange, membrane separation, and electro kinetics.
Many of which are problematic as a result of associated
limitations such as poor removal efficiency, unavailabil-
ity, accumulation of large secondary waste, high cost of
production and so on. From economic and efficiency
stand point, adsorption method for the removal of heavy
metal is regarded as the most promising and widely used
[5-9]. Conventional adsorbents applied include activated
carbon, alumina and silica [6, 10, 11]. Activated carbon, is
regarded as one of the most important adsobent material
used due to its high surface area, porousity and adsorp-
tion capacity. However, the use of activated carbon is lim-
ited because of its high cost of production [7, 9]. Kaolin
has received considerable recognition as an adsorbent
because of its high adsorption capacity [12].

Kaolin is a very important mineral of natural origin,
which is being extensively used in industries due to its out-
standing properties, which are but not limited to fine par-
ticle size, chemical inertness, brightness and so on. Kaolin
clay may be made up of impurities such as quartz, illites,
feldspar and so on whereas kaolinite forms the major part
of the composition [13]. The ability of clay minerals to
adsorb and exhibit catalytic properties drives the study
of its physical and chemical properties, these properties
are governed by the application of appropriate modifica-
tion techniques to improve the extent and nature of their
outer surface [14]. Several researchers have investigated
the treatment or modification of clay minerals under two
major distinct ways; physical modification involving the
use of high temperature to influence the chemical com-
position and crystal structure and chemical modifications
involving the alteration of the structure, surface functional
groups and surface area by organic compounds, acids or
bases [15]. A number of studies concerning kaolinite clay
used to remove heavy metal ions from aqueous solution
have been reported [16-20], demonstrating good adsorp-
tion consistency in all cases.

However, due to the fact that kaolin as a material is
usually very un-reactive, enhancement of its properties
by chemical method is problematic even when subjected
to severe conditions of concentrated solutions and high
temperatures. [21]. A metastable phase of kaolin have
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been observed to be more reactive when subjected to
chemical treatment, this phase can be obtained by heat-
ing kaolin between =550 and 950 °C [22-24]. As a result
of this treatment, there is removal of structural water
and the structure of the kaolin is rearranged, retaining
a small portion of AlO4 octahedra and converting the
remaining structure into more reactive units of tetra and
penta coordination. The heating temperature of kao-
lin affects its reactivity significantly, though the most
favourable environment for obtaining a very reactive
metakaolin have been reported by various authors to
be between 600 and 800 °C. [21-24].

The use of acids in the treatment of kaolin to enhance its
surface area and catalytic properties have been observed
to be very popular in research [25]. Various reports have
been documented on the acid treatment of clays such as
bentonite, smectite or montmorillonite, kaolin, and so
on [13, 14, 21, 26-29]. There are several issues associated
with the use of acid treated clays, such problems include
corrosion of the process vessels, peroxide value present
in oil products, increase in fatty acid and several other
environmental issues [14]. There is less emphasis on the
use of alkali or basses in the treatment of clay in literature.
Theoretically, it is expected that there would be a continu-
ous leaching of aluminic and silicic layers because both
elements can dissolve under alkaline conditions. The min-
eral structure is not significantly altered with the formation
of new phases under alkaline conditions as reported by
Taubald et al. [30] who observed no significant difference
in the diffraction peaks of smectite and smectite treated
in alkaline solution. Hussin et al. [15] also reported the
increase in active centers and decrease in surface area
when kaolin clay was treated with NaOH.

Despite the studies described above, accounts on
the effects of combined physical thermal activation and
chemical hydrothermal treatment of kaolin under alkaline
condition on its chemical, surface area/pore properties as
well as heavy metal adsorption study are lacking in litera-
ture and since clay minerals are natural, common and inex-
pensive, there is increasing interest in investigating new
applications. In this study, raw and modified kaolin were
investigated for the removal of Pb(ll) from aqueous solu-
tion. Specifically, the study sought to modify Enugu kaolin
under thermal and alkaline hydrothermal conditions and
study the changes in its physicochemical properties via
BET, XRF, SEM, XRD and FTIR analytical techniques. The
conditions for adsorption including contact time, initial
Pb(ll) concentration and adsorbent dosage were opti-
mized with respect to the efficiency of Pb(ll) ions removed.
Furthermore, equilibrium studies were employed using
various adsorption isotherms to better understand the
adsorption of Pb(ll) onto the raw and modified kaolin sam-
ples and comparison with other investigations into other
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adsorbents that have been used to remove Pb(ll) ions from
aqueous solutions were presented.

2 Methods

1 kg of natural kaolin clay originating from Enugu State
(Nigeria) was procured from Ogigie market in Nsukka and
was used without pretreatment. The reagents utilized in
this study were of laboratory standard. Sodium hydrox-
ide pellets (98%) and lead nitrate (99%) were procured
from Qualikems (India). Hydrochloric acid was procured
from Joechem ventures (Nigeria). Only distilled water and
deionized water were used in this study.

2.1 Thermal/hydrothermal treatment

Prior to the hydrothermal treatment, raw kaolin was first
subjected to thermal activation into metakaolin [22-24].
This process involved the heating of a weighted quantity
of the raw kaolin in a muffle furnace at a temperature of
800 °C for 2 h. A reaction mixture was obtained by mix-
ing 3.0 g of metakaolin with 70 mL of 1.5 and 2.5 molar
solutions of NaOH prepared earlier by dissolving appro-
priate amounts of the pellets in deionized water. The mix-
ture was stirred to homogeneity then transferred into a
100 mL cylindrical poly tetrafluoroethylene (PTFE) vessel
and placed in a high-pressure stainless-steel autoclave. For
the hydrothermal reaction, the autoclave was placed in an
oven at a temperature of 100 °C for 7-11 h. At the end of
the reaction time, the autoclave was brought out of the
oven and cooled in a water bath to stop the reaction and
overlaying alkaline solution was discarded. The mixture
was filtered and the residue was washed to remove excess
alkaline then dried at temperature of 80 °C overnight and
were packaged for characterization. Three samples labeled
B, C and D where prepared with varying conditions of
2.5 M NaOH/7 h, 1.5 M NaOH/8 h and 1.5 M NaOH/11 h
respectively and the raw kaolin was labeled as sample A.

2.2 Characterization techniques

Brunauer-Emmett-Teller (BET) nitrogen adsorption sur-
face area analysis was conducted at the Center for Generic
Engineering and Biotechnology, Federal University of
Technology Minna, Nigeria using Na 4200e Surface Area
and Pore Analyzer. X-ray diffraction (XRD) was carried out
using Empyrean by Panalytical, the morphology of the
sample particles was observed using the Thermo Scien-
tific™ Q250 scanning electron microscope (SEM), Fourier-
transform infrared spectroscopy (FTIR) was done using the
Agilent Cary 630 FTIR spectrometer, and the mineralogical
analysis was carried out using Oxford’s X-Supreme 8000

X-ray fluorescence (XRF) Analyzer at the Department of
Chemical Engineering, Ahmadu Bello University Zaria. The
remaining concentration of heavy metals in the sorption
medium was determined using an automated Shimadzu’s
AA-7000 Atomic Adsorption Spectrophotometer at the
Center for Energy Research and Development, University
of Nigeria. Statistical analysis was performed using statisti-
cal software packages.

2.3 Adsorption experiments

To determine the effectiveness of the samples in adsorbing
Pb(ll), a solution of 225 mg/L of lead nitrate was prepared
by dissolving a weighted amount of the salt in deionized
water. 50 mL of the lead solution was left in contact with
0.5 g of samples A, B, C, and D and the pH were adjusted
to 6 using 0.5 M HCl and 0.1 M NaOH solutions. At this
pH, only 0.6% of the metal ion precipitated, which is con-
sistent with the optimum pH range for the adsorption of
Pb(ll) as reported in previous studies [31, 32]. The mixtures
were stirred constantly at 250 rpm on a magnetic stirrer for
20 min and at temperature of 50 °C (optimum temperature
in preliminary tests). The amount of Pb(ll) adsorption at
equilibrium g, (mg/g) and the removal efficiency (R) were
calculated from the following equations:

V(C,-C
qe=% M
C,—C
R=-""_"¢%100 2)
CO

where q, is the equilibrium adsorption capacity of adsor-
bent in mg (metal)/g (adsorbent), C, is the concentration
of metal ions before adsorption in mg/L, Ce is the equilib-
rium concentration of metal ions in mg/L, V is the volume
of metal ions solution in liter scale, W is the weight of the
adsorbent in gram scale and R is the removal efficiency
measured in percentage.

2.4 Batch adsorption studies

The adsorption of Pb(ll) unto the raw and modified kao-
lin were studied using the batch technique, including the
effects of contact time, adsorbent dosage and initial metal
ion concentration. 0.5 g of the adsorbents were left in con-
tact with 225 mg/L Pb(ll) solution for 10-30 min to study
the effect of contact time. For the effects of initial metal
ion concentration, Pb(ll) solutions of 100-225 mg/L were
left in contact with 0.5 g adsorbent for 20 min, while the
effects of adsorbent dosage were studied by contacting
0.3-0.7 g of the adsorbents with 225 mg/L Pb(ll) solution
for 20 min.
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2.5 Adsorption isotherm models
2.5.1 Langmuir isotherm

This isotherm exhibits a monolayer sort of sorption on an
adsorbent having a limited number of indistinguishable
binding sites (homogeneous surface). The linear form of the
Langmuir equation can be expressed as [33]:

C. 1 C

e _ 1 4 e 3
C ak a ®)
where g, (mg/g) denotes the adsorption capacity and K;
(L/mg) denotes energy of adsorption. The essential charac-
teristics of the Langmuir isotherm is described by a dimen-
sionless factor R, given by:

1

R =——

CT K @

The R, values describe the type of adsorption to be irre-

versible (R =0), favorable (0<R, < 1), linear (R =1) or unfa-
vorable (R > 1).

2.5.2 Freundlich isotherm

This type of isotherm is aimed at describing a multilayer
adsorption unto a heterogeneous surface of an adsorbent.
The linearized form of Freundlich equation is expressed thus
[34]:

1
logg, = log K, + [E] logC, (5)

where K¢ (L/g) and n are the Freundlich constants denot-
ing adsorption capacity and intensity respectively.

2.5.3 Temkin isotherm

The Temkin isotherm model relates to the interaction
between the metal ions and the adsorbent species assum-
ing that the free energy is a function of surface coverage. The
linearized equation is expressed as [31]:

G.=BInA+BInC, (6)

where B (mg/q) is related to the heat of adsorption and A
(L/mg) represents the equilibrium binding constant cor-
responding to the maximum energy.
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3 Results
3.1 BET surface area analysis

Brunauer—-Emmett-Teller (BET) theory aims to explain
the physical adsorption of gas molecules on a solid sur-
face and serves as the basis for an important analytic
technique for the measurement of the specific surface
area of materials and pore size distribution. Before the
analysis, the samples were left in desiccators to ensure
that they have as little remaining water vapor as possi-
ble. The analysis gas was nitrogen and the samples were
out gassed at 250 °C for 3 h. The data obtained from the
analysis for surface area and pore parameters are sum-
marized in the Table 1. The average pore diameter was
calculated using the Wheeling equation [35] expressed
as:

P, = 4000 x % 6)

where P is pore diameter (nm), V is pore volume (cc/g)
and S represents the surface area.

From the data presented in Table 1, it was found that
the BET surface area of sample A (raw kaolin) is measured
at 19.170 m%/g. The surface area of sample B increased to
247.889 m?/g when treated hydrothermally with 2.5 M
NaOH at 100 °C for 7 h. The surface area for sample C was
observed to have increased to 208.745 m?/g after the
raw kaolin was hydrothermally reacted with 1.5 M NaOH
at 100 °C for 8 h. In the same way, the surface area of
sample D increased to 221.608 m?/g after increasing the
time of hydrothermal reaction with 1.5 M NaOH at 100 °C
to 11 h. The pore volume increased from 0.006504 cc/g
in the raw kaolin to 0.6884, 0.0889 and 0.0642 cc/g in the
treated samples B, C and D respectively. This is followed
by a drop in pore diameter from 1.36 nm in sample A to
a minimum value of 1.08 nm in the modified samples as
shown in Table 1.

Table 1 BET surface area and pore size distribution of the raw and
modified kaolin samples

Samples Surface area Pore volume Pore diam-
(m%q) (cc/9) eter (nm)

A 19.17 0.0065 1.36

B 247.89 0.0884 1.08

C 208.75 0.0889 1.32

D 221.61 0.0642 1.16




SN Applied Sciences (2020) 2:1134 | https://doi.org/10.1007/542452-020-2621-7

Research Article

3.2 Characterization

Mineralogical investigation of the raw and modified kao-
lin was carried out, results indicated that the raw kaolin
deposits are majorly composed of kaolinite, quartz, and
hematite and trace amounts of anatase and periclase. The
chemical composition is presented in Table 2. Hydrother-
mal treatment of metakaolin with 1.5 M NaOH for 8 h led
to insignificant changes in the composition of the kao-
lin. The XRD patterns of the raw and modified kaolin are
presented in Fig. 1, both kaolin and the modified sample
showed well-defined reflection peaks at 26 values of 8°
and 20°-25°. The morphology of raw and modified kaolin
were examined under an electron microscope. The SEM
micrographs of the raw and modified kaolin are presented
in Fig. 2, while the FTIR spectra of the raw and modified
kaolin are shown in Figs. 3.

3.3 Performance assessment

Pb(ll) adsorption capacities of the samples are presented
in Fig. 6. The raw kaolin showed adsorption capacity of
7.3 mg/g with a removal efficiency of 33%. Samples B, C
and D have adsorption capacities of 18.65 mg/g, 19.7 mg/g
and 19.13 mg/g with removal efficiencies of 83%, 88% and

Table 2 Chemical composition of the raw and modified kaolin

at 85% respectively. The adsorption capacities of the raw
and modified were observed to increase with increase in
contact time, initial metal ion concentration and adsor-
bent dose. The adsorption of Pb(ll) onto the raw kaolin
and the modified one followed Freundlich and Langmuir
adsorption isotherm models respectively.

4 Discussion
4.1 Physcochemical characterization of adsorbents

The surface area of the raw kaolin (19.170 mz/g) falls
between the ranges of 5-25 m?/g as reported to by
Emam et al. [36], Edama et al. [13] and Belver et al. [21] to
be the specific surface area of unmodified kaolin. It was
found that the modified kaolin samples had significantly
larger surface areas up to about 1,193% increase when
compared to the unreacted one which is a desirable
property of an adsorbent because high surface area is
required for optimum adsorption [37]. These results are
significantly higher than that obtained by Emam et al.
[36] and Edama et al. [13] showing that hydrothermal
treatment under alkaline conditions better enhances the
expansion of the surface area of kaolin. This expansion

Elements (wt%) Na,0 MgO ALO, SiO, P,0, SO,

K,O CaO TiO, Cr,0; MnO, Fe,0, ZnO SrO

Raw kaolin 0.00 3.80 1945 6034 0.01 030 0.02 0.80 088 188 1.85 0.22 1219 0.02 0.03
Modified Kaolin  6.73 4.23 1949 5267 0.00 022 0.04 0.057 106 195 0.04 0.21 1275 0.03 0.03
3500
3000
2500
0
= 2000
=
S
}: 1500 ——Raw Kaolin
2 Modified Kaolin
D
= 1000
500
0
0 5 10 15 25 30 35 40 45
2 Theta (Degrees)
Fig. 1 XRD pattern for the raw and modified kaolin
SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:1134 | https://doi.org/10.1007/542452-020-2621-7

Fig.2 SEM micrographs of the raw and modified kaolin

according to Akpomie and Dawodu [31] can be attrib-
uted to increase in pore properties caused by etching
reaction between silica and a strong base. The authors
maintained that other factors such as the type and purity
of the clay, the cation saturation, the out-gassing tem-
perature and sample pretreatment could also contribute
the extent to which the surface of the clay changed after
the modification.

Results from XRF shows observable loss of 7.7% SiO,
from the raw kaolin due to the removal of quartz impu-
rities during the hydrothermal reaction and the fixation
of about 6.7% NaO, due to the insertion of Na* into the
kaolinite structure. The peaks shown on the XRD spec-
tra are peculiar characteristic peaks of kaolinite [14, 36].
These peaks were also noticeable in the modified kaolin
showing that the modification made weak alterations
to the structure of the kaolin. However, the intensity of
most of the peaks in the modified kaolin spectra were
observed to have increased and this increase may be due
to the increase of crystallite size and/or the decrease of
the mean lattice strain. The SEM micrographs in Fig. 2b
showed spherical shaped crystals formed on the modi-
fied kaolin, this kind of morphology was also observed by
José et al. [38], Khatamian and Irani [39], Shaikh et al. [40].
When compared to the SEM micrographs of raw kaolin in
Fig. 2a, it can be observed that the raw kaolin has mainly
amorphous structure. FTIR spectra in Fig. 3 shows broad
band at 3291 cm™" and the sharp peak at 1640 cm™" which
can be associated to structural hydroxyl groups and bend-
ing mode of adsorbed water. The band around 1148 cm™
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represents T-O (T =Si or Al) symmetric stretching [41, 42].
Asymmetric and symmetric stretching vibrations bands
of T-O-T bridges are at 1077 cm™' and 760 cm™". Similar
bands can also be noticed in the raw kaolin spectra, this is
to confirm that the kaolinite structure was not vigorously
altered by the reaction.

The uptake of lead onto the raw kaolin was lower
(7.3 mg/g at 33% efficiency) when compared to all the
hydrothermally treated samples. This corroborates previ-
ous studies comparing the uptake of different heavy met-
als onto unmodified and modified kaolin [16, 32]. From
Fig. 4, it is clear that sample C has the highest adsorption
capacity of 19.7 mg/g with a removal efficiency of 88%
when compared to samples B and D (18.65 mg/g at 83%
and 19.13 mg/g at 85% respectively). Generally, adsorp-
tion capacity increased when the concentration of NaOH
was reduced from 2.5 to 1.5 M, indicating that using lower
alkalinity contributes to the improvement of the Pb(ll)
uptake capacity. The reaction time also had a slight effect
on the adsorption capacity of lead, it was observed that
the adsorption capacity dropped slightly when the reac-
tion time was increased from 8 to 11 h at the same alkaline
conditions. These results validate that Enugu kaolin is a
promising source of raw minerals for the synthesis of low-
cost adsorbents.

4.2 Effect of contact time

Figure 5 shows the effect of contact time on the adsorp-
tion of Pb(ll) onto raw and modified kaolin. It was observed
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Fig.3 FT-IR spectra of the raw and modified kaolin

that the adsorption capacities of both raw and modified
kaolin increased with increase in contact time. Equilib-
rium adsorption of Pb(ll) ions was reached in 20 min for
the raw kaolin (7.3 mg/g) and 25 min for the modified
kaolin (20 mg/qg) after which the amount of metal ions
adsorbed began to drop. There was a rapid uptake of Pb(ll)
metal ions by both adsorbents, which gradually slowed
down until an equilibrium adsorption time was reached.
The initial rapid adsorption rate can be attributed to sur-
plus adsorption sites on the surface of the adsorbents
which is constrained by dispersion from the mass to the
surface of the adsorbent [19]. However, the active sites
becomes saturated eventually, leading to subsequent

slower adsorption rates as the equilibrium time is being
approached which is most likely because of a connection
controlled phenomenon [36].

4.3 Effect of initial metal ion concentration

The rate at which metal ions are adsorbed from their solu-
tion onto the surface of the adsorbents is a function of
the initial metal ion concentration, thus, making it an
important factor for an effective sorption [36]. Due to the
fact that the raw and modified kaolin possesses a fixed
number of active sites which became saturated at higher
concentration, it was seen that the rate adsorption of Pb(ll)
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Fig.4 Pb(ll) adsorption performance assessment by the raw kaolin and all the modified samples

intensified with increment in the metal ion concentration
[19] as shown in Fig. 6. Furthermore, the adsorption capac-
ities of the adsorbents increased with increase in Pb(ll)
ions concentration due to the increasing concentration
gradient as shown in Fig. 7, which counters the insulation
to mass exchange of the metal ions between the metals
and the kaolin species [36]. The linearity of the adsorption
capacity of the modified kaolin shows that pore diffusion
does not limit the adsorption process.

= = N
o (5, o
1 1 1

Amount of Pb (II) Adsorbed (mg/g)
(]

4.4 Effect of adsorbent dosage

As it can be observed from Fig. 8, the percentage of Pb(ll)
metal ions removed increased rapidly as the masses of
the raw kaolin and modified kaolin was increased from
0.1 to 0.4 g. this is because, as the masses of the adsor-
bent increases, the available binding sites on the sur-
face of the adsorbent also increases [19]. However, an
opposite pattern was observed as shown in Fig. 9 where

—e—qe Raw Kaolin
—&— qe Modified Kaolin

0 5 10 15

20 25 30 35

Contact Time (Mins)

Fig. 5 Effect of contact time on the Pb(ll) adsorption capacity of the raw and modified kaolin

SN Applied Sciences

A SPRINGERNATURE journal



SN Applied Sciences (2020) 2:1134 | https://doi.org/10.1007/542452-020-2621-7

Research Article

120

100

80

60

40

Removal Efficiency %

20

—e— Raw Kaolin
—A— Modified Kaolin

0 50 100

150 200 250

Initial Metal Ion Concentration (mg/L)

Fig. 6 Effect of initial concentration on the Pb(ll) removal efficiency of the raw and modified kaolin

there was a decrease in adsorption capacity when the
dosage of the modified kaolin was increased. Similar
trend could also be observed with the raw kaolin. This
phenomenon as reported by Dawodu and Akpomie [19]
could be attributed to a decreasing adsorption surface
area due to overlapping of adsorption sites.

25

20

15

10

Amount of Pb (II) Adsorbed (mg/g)

4.5 Adsorption isotherms

The values of q, K|, Ke n, A and B calculated from the
Langmuir, Freundlich and Temkin models for the adsorp-
tion of Pb(ll) onto the raw and modified kaolin are pre-
sented in Table 3. From the results, it was observed that
the experimental data on the raw kaolin were well fitted

—e—qe Raw Kaolin
—4— qe Modified Kaolin

0 50 100

150 200 250

Initial Metal Ion Concentration (mg/L)

Fig.7 Effect of initial concentration on the Pb(ll) adsorption capacity of the raw and modified kaolin
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Fig. 8 Effect of adsorbent dosage on the Pb(ll) removal efficiency of the raw and modified kaolin

to the Langmuir and Freundlich isotherm models with
regression coefficients (R 0.9553 and 0.9937 respectively,
although, the later gave a better fit, describing a multilayer
adsorption unto a heterogeneous surface of the raw kaolin
[43]. The Freundlich constant K; calculated for the raw and
modified kaolin were 4.8362 and 4.4576 respectively with
the value of n greater than one in each case, indicating

35

. i [ N W
[—] n [} n (—]

Amount of Pb (IT) Adsorbed (mg/g)
9]

that the adsorptions were favourable and the process is
physisorption [6]. The correlation coefficient (R?=0.9837)
determined using the Langmuir isotherm model best
describe the equilibrium properties of the modified kao-
lin in adsorbing Pb(ll) ions. This relates to adsorption on a
homogenous surface. From the Langmuir model, the cal-
culated maximum adsorption capacity of the raw kaolin
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—— e Modifed Kaolin

0 0.1 0.2 0.3

0.4 0.5 0.6 0.7 0.8

Adsorbent Dosage (g)

Fig. 9 Effect of adsorbent dosage on the Pb(ll) adsorption capacity of the raw and modified kaolin
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Table 3 The parameters for Langmuir and Freundlich isotherms

Isotherm models Raw kaolin Modified kaolin
Langmuir model

q.(mg/qg) 5.4230 25.6410

K (L/mg) 0.2006 0.1064

R? 0.9553 0.9837
Freundlich model

Ke (mg/g)(L/g)"" 4.4576 4.8362

n (g/L) 13.7741 2.3776

R? 0.9937 0.0820
Temkin model

A (L/mg) 4.1467x 10" 4,0450%107°
B (mg/9g) 0.1316 0.2440

R? 0.0435 0.5862

Table 4 Comparison of the adsorption capacity of the modified
kaolin with other adsorbents in Pb(ll) removal

Adsorbent Qax Reference
Modified rhizopus oryzae 12.39 [8]
Penaeuse semisulcatuse chitin 13.14 [44]
Modified kaolin 32.20 [32]
Modified montmorillonite 1.62 [31]

Oak powder/Fe;0, 54.95 [45]

This work 25.64

was 5.4230 mg/g while that of modified kaolin was cal-
culated to be 25.6410 mg/g. This is to say that the hydro-
thermal treatment increased the pore and active surface of
the kaolin, which corroborates the BET results [43], hence,
largely enhancing its adsorption capacity as reported by
Jiang et al. [32]. The modified kaolin performed well in
comparison with other adsorbents [8, 31, 32, 44, 45] that
have been used to remove Pb(ll) ions as shown in Table 4.
The separation factor R, calculated from the Langmuir
plot fell between the ranges of 0.0004 to 0.0008 for the
raw kaolin and 0.0004 to 0.0009 for the modified kaolin
showing that the adsorptions are favorable. Both raw and
modified kaolin samples fitted poorly into the Temkin
model with a very low regression coefficient (0.0435 and
0.5862 respectively).

5 Conclusion

The effects of thermal activation and alkaline hydrother-
mal treatment on the structural and chemical properties of
Enugu kaolin using different concentrations of NaOH and
reaction time were studied. XRF analysis suggested that

the hydrothermal treatments made weak alterations to the
chemical composition of the parent kaolin clay. However,
results from XRF analysis also showed that the dissolution
of Si prevailed over Al, furthermore, the insertion of Na*
into the kaolin structure was confirmed. XRD and FTIR
spectra of the raw and modified kaolin shows similar peaks
suggesting that the modification process had no signifi-
cant alterations to the internal structure of the kaolin. SEM
micrographs displayed spherical morphology in the modi-
fied kaolin compared to the complete amorphous form
of the raw kaolin. BET surface area and pore volumes of
all the treated samples were found to have increased sig-
nificantly when compared to the parent kaolin, there was
a decrease in pore diameter of the treated samples rela-
tive to the starting raw kaolin. Results obtained from the
adsorption of Pb(ll) from aqueous solution suggested that
the modification of the kaolin enhances Pb(ll) removal sig-
nificantly, and the process could be replicated on a pilot
scale with real waste water. Furthermore, the adsorption
of Pb(ll) by the raw kaolin followed the Freundlich model
while that of the modified kaolin fitted better to the Lang-
muir model. Therefore, based on the surface analysis and
adsorption experiments, Enugu kaolin has a potential to
be a catalyst-type material and the modification method
employed can be useful in affording materials that could
be applied in various related industries which requires a
porous and high surface area of the clay material.
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