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Enhanced interlayer trapping of Pb(II) ions within kaolinite layers:
intercalation, characterization, and sorption studies
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Abstract
Lead (Pb(II)) pollution in water poses a serious threat to human health in many parts of the world. In the past decades, research has
been aimed at developing efficient and cost-effective methods to address the problem. In this study, dimethyl sulfoxide (DMSO)
and potassium acetate (K-Ac) intercalated kaolinite complexes were synthesized and subsequently utilized for Pb(II) removal from
water. The intercalation of kaolinite with DMSOwas found to be useful for expanding the interlayer space of the clay mineral from
0.72 to 1.12 nm. Kaolinite intercalation with K-Ac (KDK) increased the interlayer space from 1.12 to 1.43 nm. The surface area of
KDK was found to be more than threefold higher as compared to natural kaolinite (NK). Batch experimental results revealed that
the maximum Pb(II) uptake capacity of KDK was 46.45 mg g−1 which was higher than the capacity of NK (15.52 mg g−1).
Reusability studies showed that KDK could be reused for 5 cycles without substantially losing its adsorption capacity. Furthermore,
fixed-bed column tests confirmed the suitability of KDK in continuous mode for Pb(II) removal. Successful application of
intercalated kaolinite for Pb(II) adsorption in batch and column modes suggests its application in water treatment (especially
removal of divalent metals).
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Introduction

Clay minerals are one of the natural and plentiful materials on
the earth. Clay has a long history of utilization in the industrial,

agricultural, health, and environmental sectors. Clay minerals
are hydrous aluminosilicates (silica tetrahedral sheets and alu-
mina octahedral sheets) and widely defined as minerals that
are composed of the colloidal fraction of rocks, soils, and
sediments. Clay minerals can be grouped under different types
such as 1:1 type (kaolinite and halloysite), 2:1 type (smectite
and vermiculite), and 2:1:1 type (chlorite). Moreover, modi-
fied clay minerals are widely used as sorbents for various
traditional and emerging contaminants, as well as in cos-
metics, paints, and thixotropic and fluidic agents (de Paiva
et al. 2008). Among other clay minerals, kaolinite is an excel-
lent eco-friendly material and has been used in various indus-
tries for a variety of applications.

Kaolinite (Al2Si2O5(OH)4) is a 1:1 type layered structure
claymineral and it is one of the inexpensive and abundant clay
minerals (Zhang et al. 2018). Due to the low specific surface
area and cation exchange capacity (CEC) (3 to 15 meq/100 g),
as compared to other clay minerals, modification is required to
raise the adsorption efficacy of kaolinite. Modification of ka-
olinite can be done by intercalating, pillaring, or organic and
inorganic grafting of molecules on its surface, which improve
the CEC of kaolinite products (Guerra et al. 2008). The inter-
calation of clay mineral can be defined as the insertion of a
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newmolecule(s) in the interlayer of a clay mineral while keep-
ing the layered structure preserved (Matusik and Kłapyta
2013).

Kaolinite presents two chemically different interlayer struc-
tures: alumina (Al3+) octahedral sheet covered with hydroxyl
groups and silica (Si4+) tetrahedral sheet covered with basal
oxygens. The neighboring kaolinite layers form hydrogen
bonds, dipole–dipole interactions, and van der Waals forces
between the hydroxyl groups of the octahedral sheet and the
basal oxygens on the tetrahedral sheet of the adjacent layer to
hold them together (Zhang et al. 2014). This is due to the
presence of hydrogen-bonding between the surfaces.
Kaolinite was previously classified as a nonexpandable clay
mineral; however, there is evidence that a few polar organic
compounds, such as dimethylformamide (Churchman et al.
1984), urea (Makó et al. 2009), acetamide, pyridine N-oxide,
methanol, octadecyl amine, dimethyl sulfoxide (Costanzo
1986), and potassium acetate (Frost et al. 2000), can be direct-
ly intercalated in its interlayer space (Li et al. 2008). Thus, the
modification of kaolinite by intercalation can improve the
physical and chemical properties of the clay mineral, which
can be used as an adsorbent for different metal ions such as
Pb(II) ions from contaminated water.

Pb(II) is a widely used in industrial applications, and it is
considered as the third-most common toxic element in the list
of heavy metals (Yin et al. 2018). The World Health
Organization (WHO) listed Pb(II) as one of the 10 chemicals
that have significant public health concerns (WHO 2011a).
Pb(II) enters into the aquatic environment through natural
and anthropogenic sources and can accumulate in the food
chain (EFSA 2010; Mager 2011). Exposure to the high con-
centration of Pb(II) could compromise the central nervous
system and kidneys (Anitha et al. 2015a); impair immune,
digestive, and reproductive systems in humans; and cause
severe health risks, especially to children’s health (Kumar
et al. 2011; Li et al. 2014). The WHO has set 0.01 mg L−1

as the acceptable limit for Pb(II) in potable water (WHO
2011b). In industrial wastewater, Pb(II) concentration might
be as high as 20–400 mg L−1 (Wei et al. 2016).

Adsorption is considered as one of the most successful and
effective methods for Pb(II) removal from contaminated wa-
ter, owing to the low cost and ease of operation and regener-
ation possibility of the spent adsorbents (Senthil Kumar et al.
2013; Sdiri et al. 2016; Gunasundari and Kumar 2017).
Activated carbon is commonly utilized as an adsorbent in
wastewater treatment (Neeraj et al. 2016; Saravanan et al.
2018). However, activated carbon is expensive and needs che-
lating to increase the metal ion’s adsorption capacity due to its
hydrophobic surface (Kiruba et al. 2014). Such disadvantages
increase the financial cost of water treatment. Seeking a highly
efficient, cost-effective, and abundantly available adsorbent to
remove Pb(II) from wastewater has become a subject of con-
siderable interest. One of the best candidate adsorbents for this

purpose can be natural and modified clay minerals (Rusmin
et al. 2015; Perelomov et al. 2016; Shaban et al. 2017, 2018b).

This research aimed to modify an Egyptian kaolinite clay
mineral in order to increase its potential for Pb(II) removal
from aqueous media. A thermal modification method and in-
tercalation with DMSO and K-Ac were applied. The lead-
trapping performance of the modified kaolinite was studied.
The effects of various parameters were tested in batch mode
studies. The adsorption rates were determined quantitatively
and assessed by the pseudo-first-order (PFO), pseudo-second-
order (PSO), and intraparticle diffusion (IPD) kinetic models.
In addition, several well-known isotherm models, namely
Langmuir, Freundlich, Sips, and Redlich–Peterson isotherm
models, were applied to fit the investigated data. Finally,
Pb(II) removal using modified kaolinite was validated in
fixed-bed columns to demonstrate its feasibility for real-
scale water treatment.

Materials and methods

Clay mineral

The kaolinite sample, selected for this study, was collected
from Abu Zenima, South Sinai Governorate, Egypt. The
CEC of this sample was 11 meq/100 g. The chemical compo-
sition of the raw kaolinite in mass % basis was as follows:
SiO2, 54.64; Al2O3, 28.76; TiO2, 1.73; Fe2O3, 2.55; MgO,
0.35; CaO, 0.09; K2O, 0.19; Na2O, 0.21; and P2O5, 0.05;
and loss on ignition was 11.36.

Reagents

The Pb(II) solution was prepared using Pb(NO3)2∙4H2O (pu-
rity > 99.999%). Sodium hydroxide (NaOH), dimethyl sulf-
oxide (DMSO), potassium acetate (K-Ac), hydrochloric acid
(HCl), sodium acetate (Na-Ac), and hydrogen peroxide
(H2O2; 30% w/w) were of analytical grade (purities of at least
98%) and purchased from Sigma-Aldrich Oy, Finland.

Adsorbent preparation

Kaolinite pretreatment

The kaolinite was washed twice with Milli-Q water (18.2 MΩ
cm) (MQW) and dried. Thereafter, the sample was ground and
sieved (less than 200 μm). To remove the impurities (carbon-
ates and organic matter), 30 g of the kaolinite was treated with
500 mL of a buffer solution (composed of Na-Ac (0.1 N) and
acetic acid solution) followed by the gradual addition of 100
mL H2O2. Next, the slurry was stirred with a magnetic stirrer
for 10 h at 70 ± 1 °C followed by 24 h at ambient temperature.
Thereafter, the suspension was centrifuged (model 5430,
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Eppendorf AG, Germany) at 4000 rpm for 15min and filtered.
The residue was then washed three times with 0.01 N NaCl
solution and placed overnight at 105 ± 1 °C in an air oven.
Thereafter, the kaolinite (labeled “NK”) was ground, sieved
using 100 μm sieve, and stored in a glass vial until further use.

Kaolinite intercalation method

Intercalation of kaolinite (NK) with DMSO (NK-DMSO) was
done as follows: (a) 25 g of NK was calcined at 400 ± 1 °C for
4 h. The calcination was performed in order to increase the
kaolinite surface area before the intercalation, which also in-
creases the intercalation possibilities; (b) 20 g of the thermal
pre-activated NK was added to 200 mL of DMSO under con-
tinuous stirring at 20 rpm for 72 h at 60 ± 1 °C; (c) NK-DMSO
was rinsed several times with solution of MQWand methanol
(10%), centrifuged, and dried in an air oven (60 ± 1 °C) for
72 h to eliminate excess DMSO.

The intercalation of NK-DMSO with K-Ac was conducted
in the following steps: (a) 15 g of NK-DMSOwas added to 50
mL of K-Ac solution at 30% mass percentage concentration
and stirred (48 h) at 20 rpm at ambient temperature; (b) the
solution was filtered, washed, and dried (70 ± 1 °C) in an air
oven for 24 h to evaporate excess water. Finally, the modified
kaolinite was ground, sieved using a 100-μm sieve, and stored
in a glass vial (labeled “KDK”) until further use in adsorption
experiments.

Physicochemical analysis

The NK, NK-DMSO, and KDK samples were characterized
by several characterization techniques to get an insight into the
physicochemical properties of the kaolinite samples. The de-
tailed information about the methodology and instrumentation
are given in the Supplementary material.

Batch adsorption studies

Batch experiments were conducted with NK and KDK sam-
ples to determine their potential toward Pb(II) removal from
water. Pb(II) solution (300 mg L−1) was prepared and diluted
further as needed. All batch experiments were done at room
temperature (25 ± 1 °C) in 100 mL capped glass bottles
(Schott Duran, Germany) containing 50 mL of metal ion so-
lutions agitated at 200 rpm on an orbital shaker. The adsorp-
tion parameters, such as solution pH (2–9), adsorbent dose
(0.1–8 g L−1), contact time (0–300 min), ionic strength (0.1–
0.5 M NaCl), and initial adsorbate concentration (5–250 mg
L−1), were conducted in order to optimize the condition. All
the experiments were done in duplicate. To study the effect of
individual parameters, other parameters were kept constant
while varying that particular parameter. After equilibration,
10 mL of the solution was withdrawn and filtered.

Thereafter, the Pb(II) concentration in the filtrate was deter-
mined using atomic absorption spectroscopy (AAS) (Analytik
Jena ZEEnit 700, Germany).

The Pb(II) adsorption capacity and removal percentage by
the clay adsorbents were calculated using the following Eqs.
(1)–(2):

qe ¼
Ci−Ce

w
� V ð1Þ

Removal% ¼ Ci−Ce

Ci
� 100 ð2Þ

Reusability studies

The regeneration experiments were performed with NK and
KDK under the optimum condition based on the optimization
studies. The adsorbents were added to a solution containing
40 mg L−1 of Pb(II) and shaken for 3 h to achieve equilibrium.
Then, the separated adsorbents were washed and dried at 60
°C for 4 h. A known volume of HCl (0.1 M) was selected as
the regeneration agent and agitated for 3 h. Five cycles of
adsorption/desorption were carried out accordingly. Finally,
the Pb(II) concentration in the solution after each cycle was
analyzed using AAS.

Theoretical models

Adsorption kinetic modeling

Kinetic studies of metal removal by an adsorbent are impor-
tant for evaluating the rate and mechanism of adsorption. In
this study, PFO (Eq. (3)) (Lagergren 1898), PSO (Eq. (4)) (Ho
and McKay 1999), and IPD (Eq. (5)) (Weber and Morris
1963) were utilized to get insight into the adsorption mecha-
nism. The experimental data were fitted to these models using
the nonlinear regression in MATLAB software (R2018b).

qt ¼ qe 1−e−k1t
� � ð3Þ

qt ¼
k2q2e t

1þ k2qet
ð4Þ

qt ¼ kidt1=2 þ C ð5Þ

Adsorption isotherm modeling

The adsorption isotherm represents adsorbent and adsorbate
interaction at variable initial concentrations. Fourmodels were
selected to define the Pb(II) adsorption onto NK and KDK:
Langmuir (Eq. (6)) (Langmuir 1918), Freundlich (Eq. (7))
(Freundlich 1924), Sips (Eq. (8)) (Sips 1948), and Redlich–
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Peterson (Eq. (9)) (Redlich and Peterson 1959). MATLAB
(R2018b) was used to calculate the model’s parameters by
nonlinear regression modeling with the experimental data.

qe ¼
qmKLCe

1þ KLCe
ð6Þ

qe ¼ K FC
1=n
e ð7Þ

qe ¼
KsCβs

e

1þ asCβs
e

ð8Þ

qe ¼
KRCe

1þ αRCg
e

ð9Þ

The R2 and RMSE values were used to designate the best fit
of the experimental data with the models. The lower RMSE
value defines the data more precisely for this model. The
RMSE can be calculated using Eq. (10) (Hafshejani et al. 2017).

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑N

1 qexp−qmodel
� �2

N

vuut
ð10Þ

where qexp and qmodel are the experimentally measured value
and model prediction for Pb(II) adsorption, respectively.

Fixed-bed column adsorption studies

Column preparation

The fixed-bed column studies were conducted with KDK
using a laboratory-scale glass column (column length of
130 mm and an internal diameter of 5 mm) assembly. The
adsorbent was sandwiched in between glass wool layers to
prevent the adsorbent loss, and the column was closed to
ensure good distribution of the liquid phase. The column
was packed with 100 and 200 mg of KDK to obtain an adsor-
bent bed height approximately equivalent to 5 and 10 mm,
respectively. Two different flow rates (1.5 and 3 mL min−1)
were pumped to elucidate the effect of influent flow. Similarly,
two different solutions having Pb(II) concentrations of 10 and
20 mg L−1 were utilized to explicate the effect of influent
concentration (Co). In the process, the samples were collected
at different time intervals to determine the residual Pb(II) con-
centration in the effluent solutions. Finally, the column oper-
ation was stopped when there was no further Pb(II) adsorption
(the influent and effluent concentrations appeared similar).

Column data analysis

The effluent samples were analyzed for Pb(II) concentration
using AAS. The performance of the fixed-bed column was rep-
resented by the breakthrough curve. The breakthrough point (tb)
shows when the effluent concentration Ct/Co > 0.05 of the

influent concentration (Co) occurs. The point of column exhaus-
tion (te) was determined when the effluent concentration reached
95% at a constant value of Ct/Co (Kundu et al. 2004).

Ct/Co as a function of time was used to elucidate the break-
through curve. The total effluent volume (Veff (mL)) passed
through the column was calculated using Eq. (11). The total
quantity of Pb(II) adsorbed (qtotal (mg)) by the fixed-bed col-
umn was estimated using Eq. (12) from the area under the
breakthrough curve (Chen et al. 2012). From the qtotal value,
the experimental maximum uptake capacity (qbed, mg g−1) of
the column was calculated as shown in Eq. (13).

Veff ¼ Q� ttotal ð11Þ

qtotal ¼
Q

1000
∫t¼total
t¼0 Caddt ð12Þ

qbed ¼
qtotal
m

ð13Þ

The total amount of Pb(II) ions passed through the column
system (mtotal) was calculated using Eq. (14). The removal
percentage (RE, %) of Pb(II) can be calculated from Eq.
(15). At equilibrium, the unadsorbed Pb(II) concentration
(Ceq) during the column process was obtained from Eq. (16):

mtotal ¼ CoQttotal
1000

ð14Þ

RE %ð Þ ¼ qtotal
mtotal

� 100 ð15Þ

Ceq ¼ mtotal−qtotal
Veff

� 1000 ð16Þ

Results and discussion

Characterization studies

XRD analysis

The XRD patterns of NK, NK-DMSO, and KDK are illustrated
in Fig. 1a. The characteristic XRD pattern of NK with reflec-
tions of the (001) and (002) planes was detected at 2θ = 12.26°
and 26.17°, respectively. Based on Bragg’s law, the interlayer
spacing of kaolinite was calculated as d(001) = 0.719 nm and
d(002) = 0.34 nm. After DMSO intercalation, the interlayer spac-
ing of the raw kaolinite (0.719 nm) increased to 1.116 nm. This
shift in d-value indicated that DMSO was successively interca-
lated into the kaolinite interlayers. The DMSO intercalation
caused a structural expansion along the direction perpendicular
to the (001) lattice plane (Δd = 0.393). The loss of intensity and
disappearance of some reflections in the high and middle 2θ
angles could be attributed to the structural degradation of kao-
linite after the intercalation reaction (Frost et al. 1998). The
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synthesized complex was intercalated again with K-Ac. After
K-Ac intercalation (Fig. 2, KDK), the kaolinite (001) reflection
was further shifted which was observed at 2θ = 6.24°. This shift
caused further expansion of the interlayer spacing from 1.116 to
1.426 nm (Δd = 0.707). The increase in interlayer spacing of
the K-Ac intercalated complex could be attributed to the forma-
tion of hydrogen bonds through the coordinated water of Ac
molecules and the oxygen atoms of the kaolinite layer (Deng
et al. 2002). This hypothesis is based on the fact that acetate
ions leached completely after immersing in water (Cheng et al.
2010a). Meanwhile, the K-Ac intercalation led to significant

changes in the kaolinite’s surface properties (Table 1), which
was confirmed with SEM analysis (Fig. 2d). Overall, the XRD
pattern of KDK revealed large expansions of the kaolinite in-
terlayers caused by DMSO and K-Ac intercalations. Therefore,
the intercalation might improve the surface area and interlayer
trapping ability for Pb(II) ions by the modified kaolinite.

FT-IR analysis

The NK, NK-DMSO, and KDK samples were characterized
by FT-IR spectroscopy as shown in Fig. 1b. Kaolinite

Fig. 1 Sample characterization: aXRDpatterns, b FT-IR spectra, cN2 adsorption–desorption isotherm, and d point of zero charge (pHzpc) measurements
for NK and KDK
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originally includes four different kinds of hydroxyl groups
(outer-surface hydroxyl, inner-surface hydroxyl, inner hy-
droxyl, and absorbed water hydroxyl) (Kloprogge 2019) the
presence of which was proven by absorption bands in the
3500–3800 cm−1 range. The four bands were observed (Fig.
1b, NK) at wavelengths 3692, 3669, 3649, and 3619 cm−1,
respectively (Van der Marel and Beutelspacher 1976). The
OH stretching region of the kaolinite inner surface might have
a sensitive effect on the interlayer modification (Tunney and
Detellier 1996). Thus, deformation of the FT-IR spectra in this
range was commonly used to detect if the intercalating mole-
cules would breakdown the original hydrogen bonds and es-
tablish new hydrogen bonds with the surface groups.
Comparing the spectra in Fig. 1b, it was observed that in case
of NK-DMSO, there was a disappearance of bands at 3669
and 3649 cm−1, and a decrease in the intensity and shifting of
the band at 3619 cm−1. Meanwhile, new bands were observed
at 3622, 3559, 3523, and 902 cm−1. The appearance of these
new bands could be attributed to the hydrogen bonds between
DMSO and kaolinite. Upon the intercalation of NK-DMSO
with K-Ac (Fig. 1b, KDK), the disappearance of the bands at
3671, 3559, and 3523 cm−1 from NK-DMSO and the new

appearance of bands at 3700 and 3628 cm−1 (which attributed
to the hydroxyl group on the surface and internal structure of
kaolinite) could be due to new hydrogen bond formation be-
tween kaolinite and K-Ac (Mehrotra and Giannelis 1991). In
other words, the appearances of these bands in KDK indicated
that the bonds between surface hydroxyls and DMSO mole-
cules were removed from the surface of the kaolinite by K-Ac
solution, subsequently establishing new bonds between the
acetate and kaolinite surface (Mehrotra and Giannelis 1991).
The bands at 3002 and 2954 cm−1 were attributed to the inner
and outer plane vibration of the C–H bond from acetate, re-
spectively. The band at 901 cm−1 was attributed to the hydrox-
yl deformation of the inner-surface hydroxyl groups that were
hydrogen-bonded to the –S=O group of the DMSO molecule
(Li et al. 2008). The appearance of band at 3610 cm−1 indi-
cated that K-Ac molecules were intercalated into the clay
mineral successfully. The appearance of new bands at 1612
and 1487 cm−1 could be attributed to the vibration bands of
symmetric and antisymmetric stretching of CH3COO

− (Zhang
et al. 2007), which also indicated that the CH3 group of acetate
was interacting with the silica sheet (Cheng et al. 2010b).

N2 adsorption/desorption measurements

The N2 adsorption–desorption isotherms of NK and KDK are
presented in Fig. 1c. The isotherms of NK and KDKwere of IV
type according to the IUPAC classification (Thommes et al.
2015). This isotherm type is characteristic of mesoporous mate-
rials (average pore diameter 2–50 nm) (Budsaereechai et al.
2012). From Fig. 1c, both curves for NK and KDK showed no
significant difference. This indicated that the mesoporous char-
acter was preserved in the intercalated kaolinite. In addition, H3
hysteresis loops were observed for both NK and KDK, which
indicated occupation and evacuation of the mesopores by capil-
lary condensation (Thommes et al. 2015). Table 1 summarizes
the surface properties using the standard BET method and
Langmuir and BJH equations. The results revealed that the spe-
cific surface area of KDK was more than threefold higher than
that of NK (Table 1). The obtained results illustrated that the

Table 1 The textural properties of NK and KDK samples based on N2

adsorption–desorption isotherms

Properties Samples

NK KDK

BET surface area (m2 g−1) 8.473 24.87

Vm (cm3 (STP) g−1) 1.9467 5.0248

Total pore volume (cm3 g−1) 0.04956 0.165

Mean pore diameter (nm) 23.397 30.18

Langmuir surface area (m2 g−1) 6.4228 22.439

BJH surface area (m2 g−1) 10.398 26.341

Relative pressure (P/P0)

mc(
debrosd

Ae
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3
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Fig. 1 (continued)
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thermal activation and intercalation processes significantly im-
proved the surface properties of kaolinite. The total pore vol-
umes were 0.05 and 0.17 cm3 g−1 for NK and KDK, respective-
ly. These results also indicated that the intercalation method
enhanced the kaolinite porosity. After kaolinite modification,
the mean pore volume increased from 23.39 to 30.18 nm. This
increase in the pore volume could explain the superior adsorp-
tion performance of Pb(II) ions by the modified kaolinite adsor-
bent (Table 1).

pHzpc measurements

The pHzpc determination helps to get insight into the adsorp-
tion process and in determining the surface charge of adsor-
bents. Based on the literature (Chintala et al. 2013; Divband
Hafshejani et al. 2016), the adsorption is more favorable for
cations when the solution pH is higher than pHzpc. On the
contrary, the adsorption capacity is higher for anions when
the solution pH is less than the pHzpc (Parida et al. 1996).
Therefore, the adsorbent surface is positively charged when
the solution pH is less than pHzpc and negatively charged
above the pHzpc. As shown in Fig. 1d, the pHzpc of NK and
KDKwas found to be 5.02 and 5.8, respectively. Thus, for the
adsorption of Pb(II) cations by NK and KDK, a pH value
higher than pHzpc would be favorable.

SEM and EDX analysis

The change in the morphological features of kaolinite with
different intercalation stages was evaluated through SEM
analysis (Fig. 2). The SEM images of raw kaolinite showed
that the kaolinite surface had a complex morphology (Fig.
2a, b) composed of small platelets arranged randomly varying
in size from 0.2 to 2 μm. Additionally, the images showed the
hexagonal edges and corners in some parts of the raw kaolinite
structure. After the intercalation of NK-DMSO (Fig. 2c) and
KDK (Fig. 2d), a significant morphological difference be-
tween the raw kaolinite and kaolinite intercalates was ob-
served. After DMSO and K-Ac intercalation, the kaolinite
grains changed to irregularly shaped large grains, which
reflected the intercalation in the kaolinite layers. The compar-
ative microscopic analysis of NK, NK-DMSO, and KDK
showed that different intercalation processes provoked a se-
vere modification of the kaolinite surface. It could be attribut-
ed to the lateral crystalline expansion during the thermal in-
tercalation process that caused the breakage of the kaolinite
interlayers (Du et al. 2010). Furthermore, it is important to
consider that the changes in the surface morphology of the
intercalates did not only depend on intercalation expansion,
but also on external factors such as mechanical agitation,
washing, grinding, and drying during the preparation steps.

(d)

(a)

(c)

(b)

Fig. 2 SEM images of intercalation stages: a, b NK, c NK-DMSO, and d KDK
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However, XRD and FT-IR results adequately supported the
evidence of intercalation in the kaolinite structure.

The chemical compositions on the surfaces of NK, NK-
DMSO, and KDK were further examined by EDX analysis,
and the results are shown in Fig. 3. The EDX analysis revealed
that O, Si, and Al are the most abundant constituents in the
samples. Additionally, the presence of Fe, K, Ti, Ca, Mg, and
Na could be observed in the samples. The presence of these
cations in the kaolinite samples was designated as polycationic
kaolinite, which was favorable for the adsorption process
(Maged et al. 2019). The results confirmed that there were no
significant differences in the sample’s composition before and
after intercalation except in S and K concentrations (Fig. 3b, c).
The increase of S and K concentrations could be attributed to
the compounds (DMSO and K-Ac) which were used in the
intercalation process. Figure 3d shows the EDX analysis of
KDK after Pb(II) adsorption. It was clearly observed that
Pb(II) concentration appeared significantly after adsorption
compared to KDK before adsorption (Fig. 3c), confirming that
Pb(II) was successfully adsorbed onto KDK surfaces.

TEM analysis

TEM analysis was conducted in order to get an insight into the
internal structural features of the kaolinite and its intercalated
products. Figure 4 demonstrates the TEM images of raw

kaolinite and the intercalates. Raw kaolinite grains exhibited
well-defined hexagonal flakes, agreeing with the obtained re-
sults of the SEM images (Fig. 4a, b). After the DMSO inter-
calation, dark spots appeared between the kaolinite layers,
which confirmed the kaolinite intercalation by DMSO and
illustrated the increase of the d-value of NK-DMSO (Fig.
4c). After the K-Ac intercalation, a dark layer-like structure
entirely filled the interlayer space of the kaolinite, which con-
firmed that the kaolinite layers were successfully intercalated
(Fig. 4d). This phenomenon explained the expansion of kao-
linite basal spacing (1.426 nm). Similar observations for kao-
l i n i t e i n t e r c a l a t i o n w i t h o t h e r c om p o u n d s
(cetyltrimethylammonium bromide and sodium acetate) were
reported by Shaban et al. (2018b).

Kaolinite intercalation mechanisms

Figure 5 illustrates the mechanism of different stages of kaolin-
ite intercalations. The kaolinite clay (1:1 type) is a layered sil-
icate mineral. It originally consists of thick layers in nanometers
formed by assembling an aluminum octahedron sheet and a
silicon tetrahedron sheet along the direction (001) perpendicular
to its crystal plane (Zhang et al. 2014). Kaolinite is a distinc-
tively layered material having an asymmetric interlayer space
that induces specific orientation of new guest molecules. In the
first intercalation stage of kaolinite with DMSO, the DMSO
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molecules would weaken the cohesion energy between NK
layers. This would promote the intercalation by forming hydro-
gen bonds between hydroxyl groups in the kaolinite surface and

DMSO molecules. Thus, an increase of the interlayer space
(Δd) by 0.393 nm was confirmed with the XRD patterns
(Fig. 5). In the second intercalation stage of NK-DMSO with
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Fig. 5 Schematic diagram for the mechanism of the intercalation stages of kaolinite
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K-Ac, the K-Ac was sandwiched in between kaolinite layers
which promoted the intercalation due to the coordinated water
molecules that were bound to the K-Ac molecules (Li et al.
2009). Hence, there was a further increase of the basal spacing
(Δd) by 0.707 nmwhich was confirmed by XRD analysis (Fig.
1a). The increase in the interlayer space (i.e., expanding inter-
layers) of the kaolinite thus provided a chance for increasing the
Pb(II) adsorption sites.

Batch adsorption experiments

Effect of initial pH on Pb(II) removal

The initial pH of Pb(II) solution is one of the significant pa-
rameters that affects the adsorption of metal ions and the de-
gree of ionization of functional groups on clay mineral sur-
faces. The effect of pH on the removal of Pb(II) ions by NK
and KDK is illustrated in Fig. 6a. It shows that the removal
efficiency was highly dependent on the solution pH values.
Moreover, it was observed that an increase in the solution pH
from 2 to 6 increased the removal efficiency. However, in-
creasing the pH from 6 to 9 decreased the removal efficiency.
This behavior could be explained by the presence of the neg-
ative charge on the adsorbent surface. The maximum amount
of hydrogen ions (H+) at low pHwould neutralize the negative

charges on the adsorbent surface. Consequently, the presence
of H+ ions reduced the available sites for Pb(II) adsorption.
With an increase in the solution pH, a relative decrease in the
amount of H+ would occur. In this case, the amount of
adsorbed Pb(II) ions, which compete with H+, increased from
pH 2 to 6. This behavior was confirmed by the pHzpc mea-
surements (Fig. 1d), which was found to be 5.02 and 5.8 for
NK and KDK, respectively. Hence, the adsorbent surface was
negatively charged above the pHzpc and more favorable for
Pb(II) cation adsorption. The Pb(II) precipitates and forms

metal ion complexes (Pb(OH)+, Pb OHð Þ02, and Pb OHð Þ−3 )
with the clay mineral surface at solution pH > pH 6 (Weng
2004). Thus, pH 6 was selected as the optimal pH for all
further experiments.

Effect of adsorbent dosage

The effect of varying adsorbent dosages (0.1–8.0 g L−1) on the
removal of Pb(II) is shown in Fig. 6b. The removal efficiency
increased with an increase in adsorbent dosages from 6%
(dose of 0.1 g L−1) to 98% (dose of 8.0 g L−1) for NK and
from 29% (dose of 0.1 g L−1) to 100% (dose of 4.0 g L−1) for
KDK. This behavior could be attributed to the increase in
surface area and the number of binding sites with the increase
in the mass of the adsorbent used, which favored the
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adsorption of pollutant. The Pb(II) adsorption was increased
considerably when the adsorbent amount was higher than 1 g
L−1. To compare the adsorption capacity of Pb(II) by the two
adsorbents, the dosage of NK and KDK was selected as 1 g
L−1.

Effect of ionic strength

The effect of electrolyte (NaCl) concentration in the aqueous
solution has a significant role in Pb(II) adsorption by NK and
KDK. Figure 6c shows that there was a decrease in the remov-
al efficiency of NK and KDK for Pb(II) with increasing elec-
trolyte concentrations from 0.1 to 0.5 M. Moreover, the re-
moval efficiency of NK decreased from 37.41 (0 M NaCl) to
11.04% (0.5 M NaCl) and from 92.11 (0 M NaCl) to 71.46%
(0.5 M NaCl) for KDK. This effect of ionic strength on Pb(II)
adsorption could be due to the competition between Pb(II)
ions and the electrolyte cations (Na+) for the binding sites.
Thereafter, the electrolyte cations compete much more effec-
tively with the negatively charged sites (Si–O) on kaolinite
surface than on the aluminol sites (Al–OH) (Jiang et al.
2010). Therefore, a decrease in the adsorption efficiency with
increasing electrolyte concentration would make the kaolinite
surface less negatively charged, which would decrease the
Pb(II) adsorption (Unuabonah et al. 2008).

Effect of contact time and adsorption kinetics

Figure 4d shows the effect of contact time on the adsorption
efficiency of Pb(II) onto NK and KDK. The kinetic studies
were conducted for 5–300 min in the optimized experimental
conditions (pH 6, dose 1.0 g L−1, initial concentration 40 mg
L−1). As the experimental data shows (Fig. 7a), more than
90% of total adsorption occurred in the first 70 and 30 min
for NK and KDK, respectively. The removal further increased
with a much slower rate. Thus, 180 min was selected as the
optimum contact time to investigate the adsorption kinetics of
Pb(II) using NK and KDK.

The kinetic modeling of Pb(II) ions onto NK and KDKwas
assessed with the well-known kinetic models PFO and PSO
models (Fig. 7a), and the resulting parameters are given in
Table 2. The kinetic studies can give insight on the nature of
the adsorption system (chemical or physical) and also the
strength which is held between the adsorbate and adsorbent
(Anbalagan et al. 2016; Abukhadra et al. 2019a, b). The ex-
perimental data showed that PSO fitted better than the results
provided with PFO. The calculated adsorption capacity (q-
e(cal)) values and the experimental adsorption capacity (qe(exp))
values were compared in order to confirm the fitting results,
which were close to each other. The correlation coefficient
(R2) of the PSOwas higher for NK and KDK than the obtained
results of PFO (Table 2). This suggested that the chemisorp-
tion is important during the adsorption process, which

involves cation exchange or chemical sharing process be-
tween Pb(II) ions and the adsorbents (Yin et al. 2018;
Shaban et al. 2018a). Also, this model assumes that two dif-
ferent equilibrium phases occurred; the first one was fast
which reached equilibrium quickly, whereas the second one
was a slower reaction. Similar results were found by other
researchers (Yin et al. 2018).

Adsorption mechanisms For the solid–liquid adsorption sys-
tem, particle diffusion or film diffusion or both usually describe
the solute transport phenomena (Anitha et al. 2015b). The ad-
sorption of Pb(II) onto NK and KDK could be explained by the
following four sequential steps: (1) the movement of Pb(II)
ions from the aqueous solution to the external kaolinite surface
(external or film diffusion), (2) the movement of Pb(II) ions
from the external kaolinite surface into the internal part of the
pores in the kaolinite layers (intraparticle or internal diffusion),
(3) the Pb(II) ions get adsorbed into the interior surface of
kaolinite (adsorption), and (4) chemical reaction via ion-
exchange and/or complexation (the adsorption of Pb(II) ions
into the active site on the kaolinite surface) (Rusmin et al.
2015). In order to understand the rate-controlling step and ad-
sorption mechanisms, the IPD model was studied. The fitting
of the IDP model is presented by plotting qt versus t

1/2 for NK
and KDK (Fig. 7b). The IPD fitting curves for both the adsor-
bents showed two adsorption stages without intersection with
the experimental data origin. The negative intersection of the
IPD model indicated that intraparticle diffusion was not the
only rate-limiting step. It also suggested that other mechanisms
might be involved in the Pb(II) adsorption onto NK and KDK.
Similar results were found by other authors previously
(Rajkumar et al. 2013; Belhadri et al. 2019).

Effect of initial Pb(II) concentration and adsorption isotherm

In this study, the adsorption of Pb(II) ions onto NK and KDK
was studied at the optimized experimental conditions.
Figure 7c shows the adsorption capacity of the adsorbents at
different initial Pb(II) concentrations between 5 and 250 mg
L−1. The maximum adsorption capacity of Pb(II) onto NK and
KDK was found to be 15.14 and 46.36 mg g−1, respectively.

Adsorption isotherms are mathematical models which clearly
explain the relationship between the equilibrium concentrations
of the adsorbate in the liquid phase and in the solid phase. The
experimental isotherm data were fitted to four isotherm models
(Langmuir, Freundlich, Sips, andRedlich–Peterson). As present-
ed in Table 3 and Fig. 7c, the Sips, Redlich–Peterson, and
Langmuir models were well fitted with the experimental data
and provided a better fit than the Freundlich model for both
NK and KDK. The R2 values were found to be 0.998 and
0.999 for NK and KDK, respectively, for the Sips model. The
best fitting of the Sips model suggested that adsorption of Pb(II)
took place both on heterogeneous and homogeneous surfaces of
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NK and KDK depending on the initial concentration of the
pollutant (Sips 1948). Moreover, the theoretical maximum ad-
sorption capacity (qm) for the Langmuir model was calculated to
be 15.44 and 45.45 mg g−1 for NK and KDK, respectively.
These values were close to the experimental adsorption capacity,
which confirmed the applicability of the Langmuir model for
describing the adsorption process. The Redlich–Peterson con-
stant values (g) for NK and KDK were close to unity. This
supported the fact that the adsorption of Pb(II) could be ideally
described by the Langmuir model (Foo and Hameed 2010;
Alexander et al. 2018).

Reusability of adsorbents

The reusability of the adsorbent is critical for the practical feasi-
bility of adsorbents in water treatment. The reusability of NK and
KDK was investigated by repeating the adsorption/desorption
process for 5 cycles with a known volume of a 0.1 M HCl

solution. As shown in Fig. 6d, NK and KDK exhibited good
reusability with remarkable regeneration behavior. The adsorp-
tion percentage of Pb(II) onto NK was decreased significantly
from 38 to 16% after 5 cycles. This could be attributed to the loss
of some active adsorption sites during acid washing. However,
the removal efficiency of Pb(II) onto KDK was slightly de-
creased from 89 to 78% after five consecutive adsorption–
desorption cycles. These results suggested that KDK could be
successfully regenerated by mild acid (HCl) treatment. The low-
cost regeneration of KDK would facilitate the practical applica-
tions of the adsorbents in water treatment.

Fixed-bed column adsorption studies

Effect of adsorbent loading

The effect of various adsorbent loadings on the break-
through curve was studied using a fixed-bed column

Table 2 Pseudo-first-order, pseudo-second-order, and intraparticle diffusion model parameters of Pb(II) onto NK and KDK

Adsorbent Pseudo-first-order model

qe(exp) (mg g−1) k1 (min−1) qe(cal) (mg g−1) RMSE R2

NK 17.644 0.04285 16.83 0.5937 0.9907

KDK 39.94 0.07764 37.97 1.396 0.9866

Adsorbent Pseudo-second-order model

qe(exp) (mg g−1) k2 (g mg−1 min−1) qe(cal) (mg g−1) RMSE R2

NK 17.644 0.002779 18.94 0.3954 0.996

KDK 39.94 0.002776 40.87 0.777 0.9962

Adsorbent Intraparticle diffusion model

qe(exp) (mg g−1) kid (mg g−1 min−1/2) C (mg g−1) RMSE R2

NK 17.644 0.99033 3.89881 2.27306 0.916

KDK 39.94 1.86513 14.77 6.16637 0.846

Table 3 Langmuir, Freundlich, Sips, and Redlich–Peterson isotherm model parameters for Pb(II) adsorption onto NK and KDK

Adsorbent Langmuir isotherm model

qm (mg g−1) kL (dm
3mg-1) R2 RMSE SSE

NK 15.52 0.2292 0.9953 0.4089 1.338

KDK 46.45 1.157 0.9994 0.4598 1.057

Adsorbent Freundlich isotherm model

KF (mg g−1) (L mg−1)1/n n R2 RMSE SSE

NK 6.226 5.524 0.8954 1.921 29.53

KDK 30.23 10.28 0.9565 4.003 80.12

Adsorbent Sips isotherm model

KS (L g−1) βS aS R2 RMSE SSE

NK 15.06 1.269 0.1747 0.9985 0.2443 0.4177

KDK 53.15 1.152 1.152 0.9998 0.3281 0.4307

Adsorbent Redlich–Peterson isotherm model

KR (L g−1) aR (L/mg) g R2 RMSE SSE

NK 3.138 0.17 1.036 0.9973 0.3296 0.7606

KDK 51.17 1.065 1.008 0.9996 0.4166 0.6941
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system. Based on the batch study results, the adsorbate
solution (pH = 6) with initial Pb(II) concentration of
20 mg L−1 and flow rate 1.5 mL min−1 was passed
through the column system with two different adsorbent
loadings 100 and 200 mg. From Fig. 8a, it was ob-
served that the steepness of the breakthrough curve
was a function of adsorbent loadings in the column
system. The breakthrough time was also found to de-
crease from 75 to 30 min with a decrease in the adsor-
bent loading from 200 to 100 mg. Table 4 represents
the column parameters. The results exhibited that an
increased adsorbent loading led to an increase in the
effluent volume (Veff) from 465 (m = 100 mg) to
877.5 mL (m = 200 mg). Furthermore, the results pro-
vided in Table 4 exhibited an increase in the removal
efficiency (RE%) for Pb(II) from 41.47 (m = 100 mg)
to 57.95% (m = 200 mg). Similarly, the Pb(II) uptake in
the column system (qbed) was found to be 52.55 and
39.86 mg g−1 when the adsorbent loadings were 100
and 200 mg, and the corresponding total Pb(II)
adsorbed were 9.61 and 18.14 mg, respectively. The
increase in total Pb(II) adsorbed with the increase of
adsorbent loadings in the fixed-bed column could be
attributed to the increased surface area of the adsorbent
and increased number of available adsorption sites.

Effect of flow rate

Figure 8b shows the effect of different flow rates on the
breakthrough curve. The fixed-bed column adsorption
experiments were carried out at two different flow rates
(1.5 and 3 mL min−1). During the experiment, the in-
fluent concentrations, solution pH, and adsorbent load-
ing were maintained as 10 mg L−1, 6 and 100 mg,
respectively. Figure 8b illustrates the changes in break-
through performance with different f low rates.
Moreover, it was seen that the breakthrough time, ex-
haustion time, and adsorption efficiency were showing
higher values at a lower flow rate (1.5 mL min−1). This
behavior could be attributed to the fact that at the
higher flow rate, the residence time of the adsorbate in
the column system was becoming less. Thus, the inter-
action between the adsorbate and adsorbent was not
enough to bind the metal ions to the adsorbent surface effi-
ciently. In other words, if the residence time of the adsorbate in
the column system was not large enough for adsorption equi-
librium to be reached with a higher flow rate, the Pb(II) solu-
tion would leave the column system before equilibrium was
achieved. This led to a lower removal efficiency of Pb(II) ions
by KDK. Table 4 represents the experimental parameters cal-
culated using the column data. It was evident that an increase
in flow rate from 1.5 to 3 mLmin−1 led to a decreased removal
capacity (RE %) from 50.03 to 35.53% and simultaneously
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decreased Pb(II) uptakes in the column system (qbed) from
31.9 to 29.55 mg g−1, respectively. Furthermore, the concen-
tration of unadsorbed Pb(II) increased in the effluent from
5.06 to 7.15 mg L−1 with an increase in flow rate from 1.5
and 3 mL min−1, respectively.

Effect of initial pollutant concentration

The column experiments were further conducted to investi-
gate the effect of Pb(II) concentrations (10 and 20 mg L−1) on
the breakthrough time. In this process, other parameters such
as flow rate (1.5 mL min−1), solution pH (pH 6), and adsor-
bent loading (100 mg) were kept constant. Figure 8c exhibits
that the breakthrough time reduced with an increasing Pb(II)
concentration, and the exhaustion time was reached rapidly.
This behavior could be attributed to the quick saturation of
available active surface sites with an increase in influent Pb(II)
concentration. Table 4 also reveals that increasing the influent
concentration from 10 to 20 mg L−1 led to an increase in the
equilibrium Pb(II) uptake (qbed) from 31.9 to 39.86 mg g−1

and an increase in the total Pb(II) adsorbed in the column
system from 3.19 to 3.99 mg, respectively. However, it also
showed that the removal efficiency decreased from 50.03 to
41.47% with an increasing influent concentration from 10 to
20 mg L−1, respectively.

Comparison with other adsorbents

Table 5 shows a comparative study between the prepared ad-
sorbents in this study (NK and KDK) and other adsorbents, as
reported in the literature, for Pb(II) removal. Higher Langmuir
capacity of intercalated kaolinite was observed as compared to
other adsorbents. This could be due to the high surface area,
enhanced interlayer space, unique porous properties, and pres-
ence of different types of functional groups on the modified
kaolinite adsorbent. Thus, the intercalation of kaolinite was
found as one of the best modification techniques, which could
enhance its adsorption capacity for Pb(II) from aqueous solu-
tion. Some of the adsorbents shown in Table 5 displayed a
higher adsorption capacity for Pb(II) than the results obtained
in this work. It was possibly due to the difference in the

modification method, structure, or specific surface area of ad-
sorbents and different interactions between Pb(II) and the
adsorbent.

Conclusions

This study exhibited that kaolinite was effectively modified by
intercalation using DMSO and K-Ac for adsorbing Pb(II) ions
from aqueous media. The XRD, FT-IR, SEM, and TEM char-
acterization techniques confirmed that the kaolinite intercala-
tion was successfully achieved. The improvement in Pb(II) ad-
sorption occurred due to the increase in the kaolinite interlayer
spacing, which increased the available adsorption sites on the
adsorbent. The adsorption of Pb(II) by KDKwas best explained

Table 4 The effect of flow rate, adsorbent loading, and initial lead concentration on the total adsorbed lead (qtotal), equilibrium uptake (qbed), total
removal percentage (RE), and total unadsorbed lead concentration at equilibrium (Ceq) for lead adsorption onto KDK

Experiments Parameters

Co (mg L−1) Q (mL min−1) M (mg) Veff (mL) ttotal (min) qtotal (mg) qbed (mg g-1) mtotal (mg) RE (%) Ceq (mg L−1)

Column 1 20.67 1.5 200 877.5 585 10.51 52.55 18.14 57.95 8.692

Column 2 20.67 1.5 100 465 310 3.99 39.86 9.61 41.47 12.09

Column 3 10.12 1.5 100 630 420 3.19 31.9 6.38 50.03 5.06

Column 4 11.09 3 100 750 250 2.96 29.55 8.32 35.53 7.15

Table 5 Comparison of maximum adsorption capacities of various raw
and modified low-cost adsorbents reported in the literature for Pb(II)
adsorption

Adsorbents Adsorption capacity qmax (mg g−1)

Pb(II) References

Natural palygorskite 104.28 Chen and Wang (2007)

Kaolinite nanotubes 89 Abukhadra et al. (2019a, b)

KDK 46.45 This study

Sewage sludge biochar 44.91 Ifthikar et al. (2017)

Acid activated bentonite 40.14 Eren et al. (2009)

Sodium polyphosphate/kaolinite 40.0 Amer et al. (2010)

Tree fern 40 Ho et al. (2004)

Moringa olifera bark 34.6 Reddy et al. (2010)

Meranti sawdust 34.25 Rafatullah et al. (2009)

Peanut husk 29.14 Li et al. (2007)

Pine cone–activated carbon 27.53 Momčilović et al. (2011)

Sawdust 21.05 Li et al. (2007)

Chitosan/PAN 20.08 Anitha et al. (2015a, b)

Egyptian kaolinite 15.52 This study

Kaolinite 7.75 Shahmohammadi-Kalalagh
et al. (2011)

Chabazite 6.0 Ouki and Kavannagh (1997)
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by the Sips model. Themaximum uptake capacity was found to
be 15.14 and 46.36 mg g−1 for NK and KDK, respectively. The
adsorption kinetics was rapid and more than 90% of the total
adsorption was reached within 70 and 30 min for NK and
KDK, respectively. The PSO kinetic model was the best model
for describing the Pb(II) adsorption. The Pb(II) adsorption by
the clay adsorbent was found to be influenced by initial pH and
electrolyte concentration in the aqueous solution. The KDK
performed well under environmental pH and ionic strength
conditions. Regeneration studies showed that KDK could be
reused for 5 cycles using 0.1 M HCl as an eluent. The maxi-
mum adsorption capacity of Pb(II) in a fixed-bed column for
KDKwas found to be 52.55mg g−1. Moreover, it was observed
that the removal percentage of Pb(II) increased with an increase
in the adsorbent loading, while it decreased with an increase in
both influent concentration and flow rate. The intercalated ka-
olinite has the potential to be used as an adsorbent for the
removal of Pb(II) ions from aqueous media. The intercalated
kaolinite adsorbent reported in this paper may also be helpful to
remediate other co-occurring contaminants such as nickel, zinc,
cobalt, copper, cationic pharmaceuticals, and dyes in contami-
nated aqueous media.
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