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An easy route for preparation emulsion of kaolinite (AlzSiz05.4Hz0) from Sweileh
sand deposits, west Amman, Jordan by hydrochloric acid under continuous
stirring for 4 h at room temperature was performed and nano kaolinite powder
was used as an adsorbent for the removal of Cu(ll), Zn(II) and Ni(II) ions. Nano
kaolinite was characterized by XRD, FT-IR and SEM techniques. Effect of pH,
adsorbent dose, initial metal ion concentration, contact time and temperature on
adsorption process was examined. The negative values of AG° and the positive
value of AH° revealed that the adsorption process was spontaneous and
endothermic. The Langmuir isotherm model fitted well to metal ions adsorption
data and the adsorption capacity. The kinetic data provided the best correlation
of the adsorption with pseudo-second order kinetic model. In view of promising
efficiency, the nano kaolinite can be employed for heavy metal ions adsorption.

© 2019 International Scientific Organization: All rights reserved.

Capsule Summary: A novel natural adsorbent in nano-scale (nano kaolinite) was used for the first time for the removal of
toxic metal ions (Cu(Il), Ni(II) and Zn(II)) from aqueous solutions and prepared adsorbent showed promising efficiency for
metal ions adsorption, which could possibly be used extended for the adsorption of heavy metals ions from effluents.
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INTRODUCTION

The Cu(1I), Ni(II) and Zn(II) ions are toxic pollutant to the
human life and aquatic ecosystem. Metal salts are extensively
used in many industrial processes such as electroplating,
textile, tanneries, dying and metal finishing industries. These
heavy metals are considered high toxic metal, therefore the
total limits of these metal ions concentration in water 0.05
mg/L and 1 mg/L in wastewater for use in irrigation (WHO,
2008; USEPA, 2004). Heavy toxic metal ions removal from
water and industrial wastewater can be achieved by different
treatment processes such as ion exchange (Kuhekar et al.
2014), precipitation method (Minas et al,, 2017), coagulation

(Verma et al, 2013; Un et al, 2015), reverse osmosis
(Tripathi and Dwivedi, 2012), electrochemical reduction-
precipitation (Hu et al., 2017), ion flotation (Taseidifar et al.,
2017), photocatalytic method (Wahyuni et al, 2015),
membrane processes (Abu Qdais and Moussa, 2004; Canet et
al, 2003), agricultural waste (Amer et al., 2015), Ceratonia
siliqua bark (Farhan et al., 2012), rice husk (Asrari et al,,
2010), modified loquat bark (Salem et al, 2014), Peanut
shells and banana peels (Orhan and Buyukgungor, 1993),
palm shell activated carbon (Onundi et al., 2010; Zhang et al.,
2017; El-Sadaawy and Abdelwhaab, 2014; Bouhamed et al.,
2015), graphene oxide (Sitko etal., 2013), Ficus carcia leaves
(Farhan etal, 2013), natural materials such as kaolinite clay
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Fig. 1: Three layers formed from the reaction of
Sweileh sand with hydrochloric acid: Metal chlorides
solution, Nano kaolinite and silica

(Kamel et al, 2004; Yavuz et al, 2003), natural clays
(Bhattacharyya and Gupta, 2006, Sdiri et al.,, 2014), natural
bentonite (Mellah and Chegrouche, 1997), nano materials
and composites (Oang et al, 2015; Choi et al, 2018; Shao-
feng et al, 2005; Liu et al, 2014), alginate based
nanocomposites (Esmat et al, 2017; Ebadi et al, 2016),
natural materials such as sodium bentonite activated clay
(Ayari et al., 2007), bentonite and kaolinite (Chai et al., 2007),
natural clay (Matlok et al., 2015; Meroufel et al., 2013; Jiang
etal., 2010), unmodified and modified kaolinite clay (Al-Essa
and Khalili, 2018), kaolinite and metakaolinite (Kounou et al.,
2015), polyphosphate modified kaolinite clay (Amer et al,,
2010), nano-structured kaolinite (Amer and Awwad, 2017),
ligno-cellulose/montmorillonite nanocomposite (Zhang and
Wang, 2015), meta-kaolin-based geo-polymer (Cheng et al,,
2012) and mechano-chemically treated interstratified
montrorillinite /kaolinite (Kumric et al., 2013).

In view of aforementioned facts, present study was
focused on preparation of nano kaolinite and adsorption
characteristics of nano kaolinite prepared from Sweileh sand
deposits, west Amman, Jordan for removal of Cu(II), Ni(I),
and Zn(II) ions from aqueous solution in batch process was
evaluated along with thermodynamics, equilibrium and
kinetics studies.

MATERIAL AND METHODS
Chemicals and reagents

Copper sulfate pentahydrate (CuSOs 5Hz0), anhydrous zinc
acetate (Zn (CH3COO)2z and nickel sulfate hexahydrate (NiSOa.
6H20), with purity = 98.0%, hydrochloric acid (37%, ACS
reagent) and sodium hydroxide (NaOH, 99%) were obtained
from Sigma-Aldrich. Sand was collected from Sweileh sand
deposits, west, Amman, Jordan. Distilled and deionized water
were used in all our experimental work.

Preparation of nano kaolinite
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Sand was collected from Sweileh sand deposits, west Amman,
Jordan. Samples were dried in an oven at 80 °C for 4 h.
Afterwards, different samples of sand were treated with
hydrochloric acid (37%) under continuous stirring at
ambient temperature (27°C) for 4-6 h and left over night.
Three layers were formed, the upper layer, a brown-yellow
composed mainly from metal chlorides (MClz), the medium
layer is composed from emulsion of kaolinite (Al2Siz0s.4H20)
and the third layer (bottom layer) is composed from pure
silica (SiO2) (Fig. 1). By decantation and washing with de-
ionized water on Whatman filter paper No. 1. Nano kaolinite
was obtained as white particles on filter paper and metal
chlorides as yellow-brown solution. It was found that Sweileh
sand deposits composed mainly from 80-84% pure quartz,
16-18% kaolin clay and 4-8% metal salts.

Characterization

X-Ray diffraction (XRD) pattern of Nano kaolinite prepared
from sand deposits was recorded using XRD-6000
(Schimadzu, Japan) over a wide range of Bragg angles (10° <
20 < 80). Fourier transmission infrared spectroscopy (FT-IR,
IR Prestige, and Shimadzu, Japan) was used to identify the
chemical functional groups of the prepared Nano kaolinite.
Scanning electron microscopy for morphology study was
Quanta FEI 450 SEM machine.

The metal ions concentration in solution before and
after equilibrium was determined using a sequential plasma
emission spectrometer (ICPS-7510, Shimadizu). The pH of
the solutions was measured with a WTW pH meter using a
combined glass electrode. The specific areas of Nano
kaolinite were estimated by a surface analyzer (Quanta
chromosorb) and BET method.

Adsorption procedure

Stock solutions of Cu(Il), Ni(Il) and Zn(II) ions solutions
(1000mg/L) were prepared by dissolving appropriate
determined amounts of copper sulfate pentahydrate, nickel
sulfate hexahydrate and anhydrous zinc acetate in 1000 ml
de-ionized water. Different concentrations from metal ions
ranging from 10-120 mg/L were prepared from the stock
solutions by dilution. In all experimental work, an accurately
weighed quantity of nano kaolinite was added to 100mL of
aqueous solution taken in a 250 mL conical flask and the
mixture was agitated in a rotary shaker. Analyses of the
samples in this research work were done after filtration
process using Whitman 42 filter paper. The obtained results
were the average of three repeated experiments. The data
obtained were used to calculate the percent removal (%R)
and equilibrium capacity (qe) of Cu(II), Ni(II) and Zn(II) ions
using relations shown in Eq. 1-2, respectively.

Cr(VI) removal (% ) = Srle y

Lo

100 (1)

Co—Cp
w

Qe = xV (2)
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Where, Co and Ce are the initial and equilibrium
concentrations of metal ions (mg/L), V is the volume of the
solution (L) and W is the weight (g) of nano kaolinite
adsorbent.

Isotherm modeling

Langmuir model assumes monolayer adsorption onto a
surface (Langmuir, 1918) (Eg. 3).

et 3)

G Tmax

Rl fmax

Where, Ce is the equilibrium concentration of metal ions in
the aqueous phase (mg/L), k. is the Langmuir adsorption
constant, and ge and gmax are the amount of adsorption of
metal ions at equilibrium and maximum adsorption capacity
on the surface of adsorbent (mg/g), respectively. Freundlich
isotherm model is describing the adsorption process. This
model applies to adsorption on heterogeneous surfaces with
the interaction between adsorbed molecules. This isotherm is
an empirical equation and can be employed to describe
heterogeneous systems and is expressed as follows in linear
form (Freundlich and Hallen, 1939) (Eg. 4).

1
Ing, = Inkz + - InC, (4)

Where, Kr is the Freundlich constant, 1/n is the
heterogeneity factor and n (g/L) is a measure of the deviation
from linearity of adsorption.

Kinetic studies

Kinetic models have been proposed to determine the
mechanism of the adsorption process, which provide useful
data to improve the efficiency of the adsorption and
feasibility of process scale-up. In the present study, the
mechanism of the adsorption process was studied the
experimental data using pseudo-first-order and pseudo-
second-order kinetics models (Ho, 2006, Zhan et al.,, 2018)
(Eq. 5-6).

In(g, — q;) = Ing, — kit (5)
t_ 1 1
P 6)

Where, geand gt are the adsorption capacity at equilibrium and
time (t) respectively. Ki is the rate constant of the pseudo-
first-order adsorption. k is rate constant of the pseudo-
second-order adsorption.

Thermodynamic studies
Adsorption of Cu(II), Ni(Il) and Zn (II) ions by the prepared

nano kaolinite was studied from thermodynamic point of
view to ascertain the nature of adsorption process under the
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condition of the current study. Thermodynamic parameters,
Gibbs free energy (AGe), enthalpy (AH°), and entropy change
(AS°), were determined following Eq. 7-9.

Kp = c_: (7)
AG® = —RTInK, (8)
Ink, = £ (9)

Where, Kb is the distribution coefficient for the adsorption,
ASe, AHe, and AGe are the changes of entropy, enthalpy, and
the Gibbs energy. T (K) is the temperature, and R (8.314
J/mol K) is the gas constant. The values of AH° and AS° were
determined from the slopes and intercepts of the plots of In
Kb versus 1/T.

RESULTS AND DISCUSSION
Characterization of nano kaolinite

X-ray diffraction spectrum, Fig. 2 showed that highly pure
nano kaolinite with diffraction intensities of kaolinite clay
standard (JCPDS-No. 80-2186). Particle of the nano
kaolinite was calculated by Debye-Scherer relation (Eq. 10).
D = KA/BcosB (10)
Where, D is the crystallite size of copper hydroxide
nanoparticles, A represents wavelength of x-ray source
0.1541 nm) used in XRD, B is the full width at half
maximum of the diffraction peak, K is the Scherer constant
with value from 0.9 to 1 and 0 is the Bragg angle. The
average size determined was found to be 20nm. The FT-IR
spectrum of the prepared nano kaolinite, Fig. 3 showed the
hydroxyl stretching vibration bands at 3692 cm-!, which
corresponds to the inner surface -OH stretching vibration
of kaolinite. Band at 3622 cm'! belongs to the stretching
vibration of the outer-surface hydroxyl groups, indicating
the presence of kaolinite in raw kaolin clay. The bands at
1119, 1041, 995, 910, 799 and 694 cm ! indicated to Si-O
bending and stretching vibrations. Absorption band at 910
cm! corresponds to the Al-O bending vibration. Bands at
536 and 470, 428 cm? represent to Al-O-Si skeletal
vibration. These results indicated that the hydrogen
bonding between the layers of raw kaolin and formation of
new hydrogen bonding between the inner -surface
hydroxyl groups and S=0 groups. The obtained results
indicated that HCl removed all associated metal oxides in
raw Sweileh sand and changed the structure to nano-
platelets kaolinite. Scanning electron microscopy (SEM)
analysis of nano kaolinite prepared from Sweileh sand
deposits has an average diameter 10-120 nm and with
average thickness 18 nm. The nano kaolinite consisted of
particles with typical platelets shapes (Fig. 4).
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Fig. 2: XRD of nano kaolinite extracted from Sweileh sand
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Fig. 3: FT-IR of the prepared nano kaolinite from Sweileh
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Increasing the time of reaction of sand deposits to 6 h with
hydrochloric acid under vigorous stirring at ambient
temperature gave nano platelets kaolinite with smaller
particle size diameter ranging 3-20 nm. The average size of
platelets nano kaolinite obtained was ~10 nm.

Effect of the initial pH
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The effect of pH solutions on the adsorption percent
removal of metals onto the nano kaolinite is shown in Fig. 5.
The removal percent (%R) of Cu(Il), Ni(II) and Zn(II) ions
increases sharply with increasing pH from 1.0 to 6.0 and
then decreases to reach pH 8.0. The maximum percent
removal was observed around pH 5.5-6 at all temperatures.

Effect of contact time and temperature

The effect of contact time on the adsorption of Cu(II), Ni(II)
and Zn(II) ions onto nano kaolinite is illustrated in Fig. 6. It
can be seen that the removal percent (R%) of Cu(II), Ni(II)
and Zn(II) increases with contact time until equilibrium is
attained between the amount of metal ions and nano
kaolinite and the remaining metals in solution. The removal
percent increases with contact time from (0 to 60 min) and
then becomes almost constant up to the end of the
experiment. It can be concluded that the binding of metal
ions with nano kaolinite is high at initial stages and
becomes almost constant after an optimum contact time of
120 min. This indicated that the adsorption process is
endothermic in nature. The metals removal percent versus
time curves are smooth and continuous leading to
saturation, suggesting possible monolayer coverage of
Cu(I), Ni(Il) and Zn(II) ions on the surface of the nano
kaolinite.

Effect of adsorbent dose

The effect of adsorbent dose of nano kaolinite on the Cu(Il),
Ni(Il) and Zn (II) ions removal percent increased very
rapidly with an increase in dosage of nano kaolinite from
(0.1 to 1.0 g/L) and a marginal increase was observed on
further increase in the adsorbent dose. At an adsorbent
dose of 1.0 g/L. the increase in efficiency of metals removal
may be attributed to the fact that, with an increase in the
adsorbent dose, more adsorbent surface or more
adsorption sites were available for the metal ions to be
adsorbed.

Adsorption Isotherms

Isotherms models were studied for characterization of the
adsorption process such as Langmuir and Freundlich
isotherms, which provide information on the capacity of
sorbent. The Langmuir model been empirically most often
used, contained the two parameters qm and Ki, which
reflect the two important characteristics of the sorption
systems. Equilibrium capacity gqe was calculated for each
metal concentration by plotting Ce against Ce/qe. Fig. 7
showed a straight line was fitted in the data. Correlation
factor R? for, Cu (II), Ni (II), and Zn (II) indicated that
sorption followed Langmuir model. Values of Langmuir
constants gm and K. were calculated from slope and
intercept of line. The Langmuir plots Cu (II), Ni (II) and Zn
(I) isothermal adsorption data for nano kaolinite
adsorbent at 30°C are shown in Fig. 7.
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Table 1: Langmuir and Freundlich constants of Cu (II), Ni (II) and Zn (II) ions onto nano kaolinite
Langmuir model Freundlich model
(max Kr
Metal ion (mg/g) Ki (L/g) R? n (g/L) (mg/g) R?

Cu (IN 125 0.022 0.9999 1.269 0.155 0.9801

Ni (II) 111 0.021 0.9999 1.193 0.167 0.9889

Zn (II) 100 0.019 0.9999 1.069 0.928 0.9839

Table 2: Thermodynamic Parameters of Nano kaolinite for Cu (II), Ni (Il)and Zn (II) ions adsorption

T (K) In Kp AGe (k] /mol) AHe (k] /mol) ASe (J/K.mol)
Cu (ID
293 1.65 -4.02 67.33
303 1.86 -4.84 15.71
313 2.07 -5.36
Ni (1)
293 1.17 -2.85 83.1
303 1.47 -3.71 21.49
313 1.73 -4.5
Zn (1)
293 1.09 -2.66
303 1.41 -3.55 22.17 84.8
313 1.68 -4.37
Table 3: Adsorption capacity (mg/g) of various adsorbents and present study
Adsorbent Cu (I Ni (1I) Zn (II) References
Nano-structured kaolinite 45.87 52.63 Amer and Awwad (2017)
Cation exchange resin 164 109 105 Revathi et al. (2012)
Alignate modified with
polyethyleneimine 177.1 110.2 Zhan etal. (2018)
Graphene oxide 294 345 Sitko etal. (2013)
Polyphosphate-modified kaolin 27.78 Amer etal. (2010)
Natural clay 44.84 80.64 Veli and Alyuz (2007)
Kaolinite 10.787 1.669 Yavuz et al. (2003)
El-Sadaawy and Abdelwahab
Activated carbon 18.68 16.12 12.19 (2014)
Nano kaolinite 125 111 100 This work

For all metal ions, R% values > 0.9999 which clearly suggests
the applicability of Langmuir adsorption model. The
calculated constants qm and K. together with correlation
coefficients (R%) are given in Table 1. The values of gm
increased with the rise of temperatures, indicating the
sorption processes are endothermic in nature. The
constant, Kv is related to the affinity between the adsorbent
and adsorbate. The values of K. increased slightly with
increasing temperature. Low values of parameter K.
indicate that nano kaolinite have high affinity for Cu (II), Ni
(II), and Zn (II) ions.

www.bosaljournals/chemint/

Freundlich isotherm model applies to adsorption on
heterogeneous surfaces with the interaction between
adsorbed molecules and the application of the Freundlich
equation, also suggests that sorption energy exponentially
decreases on completion of the sorption centers of an
adsorbent. Equilibrium constants were determined from
the plot of Inge versus InCe (Fig. 8). The n value indicates the
degree of non-linearity between solution concentration and
adsorption as follows: if n = 1, then adsorption is linear; if
n<1, then adsorption is a chemical process; if n>1, then
adsorption is a physical process.
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Fig. 5: Effect of pH solution on the percent removal of metal
ions by nano kaolinite (T =303 K; 40 mg/L; pH=5.5 - 6).
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Fig. 8: Freundlich isotherms for Ni (II), Zn (II) and Cu (II)
ions onto nano kaolinite

The n value in Freundlich equation was found at 30 °C to be
2.57, 211 and 1.98 for Cu (II), Zn (1I) and Zn (II) ions,
respectively (Table 2). Since n lie between 1 and 10, this
indicates the physical adsorption of metal ions onto nano
kaolinite. The values of regression coefficients R2? are
regarded as a measure of goodness of fit of the
experimental data to the isotherm models.

Thermodynamic parameters

The thermodynamic behavior of the adsorption of Cu(Il),
Ni(Il), and Zn (II) ions onto nano kaolinite obtained from
Sweileh sand deposits.  Thermodynamic parameters
including the change in free energy (AG°), enthalpy (AH°)
and entropy (AS°) were calculated. According to
thermodynamics, the Gibb’s free energy change is also
related to the enthalpy change (AH°) and entropy change
(AS©) at constant temperature by the Gibbs-Helmholtz (Eq.
11).

AGe = AHe - TAS (11)

The values of enthalpy change (AH°) and entropy change
(AS°) were calculated from the slope and intercept of the
plot of In Kp vs. 1/T, Fig. 9. The calculated values of
thermodynamic parameters AGe, AH° and AS° for the
adsorption of Cu (II), Ni (II), and Zn(II) ions onto nano
kaolinite are reported in Table 2. A negative value of the
free energy (AG°) indicated the spontaneous nature of the
adsorption process. It was also noted that the change in
free energy, increases with rise in temperature. This could
be possibly because of activation of more sites on the
surface of nano kaolinite with increase in temperature or
that the energy of adsorption sites has an exponential
distribution and a higher temperature enables the energy
barrier of adsorption to be overcome. For physical
adsorption, the free energy change (AG°) ranges from (-20
to 0) kJ/mol and for chemical adsorption it ranges between
(-80 and -400) kJ /mol.
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Fig. 9: In Kpvs 1/T for the adsorption of Cu (II), Ni (II) and Zn (II) ions.

The AGe for Cu (II), Ni(Il) and Zn (II) adsorption onto nano
kaolinite was in the range of (2.66 to -5.36) kJ/ mol and so
the adsorption was predominantly physical adsorption. A
positive value of AS° as 67.33-84.80 ]J/mol K showed
increased randomness at solid solution interface during the
adsorption of Cu (II), Ni (II) and Zn (II) ions onto nano
kaolinite.

Adsorption kinetics

Pseudo-first-order and pseudo-second-order were fit to
experimental data to examine the adsorption kinetics of Cu
(ID, Ni (II), and Zn (II) ions uptake onto nano kaolinite. The
equation applicable to experimental results generally
differs from a true first-order equation in two ways: the
parameter Kki(ge-q:) does not represent the number of
available sites; and the parameter In ge is an adjustable
parameter which is often not found equal to the intercept of
a plot of In (ge-qt) against t, whereas in a true first-order

sorption reaction log ge should be equal to the intercept of
In(qe-qt) against t. To fit the equation to experimental data,
the equilibrium sorption capacity, ge must be known. In
many cases is unknown and as chemisorption tends to
become un measurably slow, the amount sorbed is still
significantly smaller than the equilibrium amount. In most
cases in the literature, the pseudo-first-order equation of
Lagergren does not fit well for the whole range of contact
time and is generally applicable over the initial 20-60 min
of the sorption process. Furthermore, one has to find some
means of extrapolating the experimental data to t = a on
treating ge as an adjustable parameter to be determined by
trial and error. For this reason, it is therefore necessary to
use trial and error to obtain the equilibrium sorption
capacity, to analyze the pseudo-first-order model kinetics.
The pseudo-first-order rate constant can be obtained from
the slope of plot between log (qe-qt) against time (t) (Fig.
10). The calculated values and their corresponding linear
regression correlation coefficient values are listed in Table
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5. R?Z was found to be 0.926, which shows that this model
cannot be applied to predict the adsorption kinetics If
pseudo-second-order kinetics is applicable, the plot of t/q:
versus t should give a linear relationship, from which ge
and kz can be determined from the slope and intercept of
the plot, Fig. 11. The pseudo-second-order rate constant kz,
the calculated ge value and the corresponding linear
regression correlation coefficient value are given in Table 6.
At all initial metal concentrations, the linear regression
correlation coefficient R? values were higher. This confirms
the adsorption data are well represented by pseudo-
second-order Kkinetics.
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Fig. 10: Pseudo-first-order kinetics for metal ions onto
nano kaolinite
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Fig. 11: Pseudo-second-order kinetics for metal ions onto
nano kaolinite

Comparison of nano kaolinite with other adsorbents

A comparative of the maximum adsorption capacity, qmax of
nano kaolinite with some of other adsorbents reported in
literature, Table 3. Differences in gmax are due to the nature,
purity and properties of each adsorbent such as surface
area and the main functional groups in the structure of the
adsorbents. A comparison with other adsorbents indicated
a high metal ion adsorption capacity of nano kaolinite
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extracted and prepared from deposits of Sweileh sand, west
Amman, Jordan. Findings revealed that nano kaolinite
offered promising adsorption efficiency versus various
other adsorbents reported for metal ions adsorption and
nano kaolinite could possibly be used for the adsorption of
heavy metal ions from industrial effluents (Bulgariu et al.,
2019; Chen et al, 2019; Gaikwad et al,, 2010; Godiya et al.,
2019a; Godiya et al., 2019b; Ibrahim and Fakhre, 2019;
Jiang et al,, 2019; Kausar et al,, 2018a; Kausar et al., 2018b;
Khera et al,, 2019; Liang et al,, 2013; Mousavi et al., 2019;
Nadeem et al., 2016; Sandoval et al., 2019; Zafar et al., 2018;
Zhao etal,, 2019).

CONCLUSIONS

The results in this research paper demonstrate that nano
kaolinite obtained from Sweileh sand deposits is an effective
adsorbent and can be successfully used as an adsorbing agent
for the removal of Ni(II), Zn(II) and Cu(II) ions from aqueous
solutions. The thermodynamic parameters, AHe, AS°, and AGe
values of metal ions adsorption onto nano kaolinite showed
the endothermic heat of adsorption, favored at high
temperatures. The positive values of AS° revealed an increase
in randomness of the solid-solution interface during the
adsorption of metal ions. Regression coefficient Rz were
found to be more than 0.999 revealing the best fit for the
adsorption data by the Langmuir isotherm model over the
Freundlich isotherm model. The kinetic data provided the
best correlation of the adsorption of Cu (1), Ni (II) and Zn (II)
onto nano kaolinite obtained from Sweileh sand deposits by
pseudo-second order equation. The nano Kkaolinite
compared favorably with different kaolin clay adsorbents.
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