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dose, initial metal ion concentration, contact time, and temperature on the
adsorption process were examined. The Langmuir isotherm model is the best fit
model to predict the experimental data and the adsorption capacity. Maximum
adsorption capacity on Langmuir isotherm was 370.37 mg/g. Thermodynamic
parameters revealed that the negative values of AG° and the positive value of AHe,

Adsorption the adsorption process was spontaneous and endothermic. Results revealed that
Pb(II) ions Fe(OH)s/kaolinite is promising for the removal of metal ions from effluents.
Thermodynamics
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Capsule Summary: Fe(OH)s/kaolinite nanoplatelets with defined surface and physicochemical properties were developed
and employed for the removal Pb(II) ions. Fe(OH)s/kaolinite showed maximum adsorption capacity of 370.37 mg/g and have
potential for the remediation of wastewater contains heavy metal ions.
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Environmental Protection Agency, USEPA). Many processes
have been developed for removal of Pb(II) ions from water,
aqueous solutions and industrial wastewater such as
precipitation,  coagulation-flocuulation, ion exchange,
cementation, electro dialysis, electro winning, electro

INTRODUCTION

Pb(Il) ions are toxic trace elements occurring in natural
water, aqueous solutions and industrial wastewater. The

maximum permissible limit (mg/L) for Pb(II) ions in water is
0.05 mg/L (World Health Organization, WHO). In industrial
wastewaters, lead ions concentration approach 100-400
mg/L; this concentration is very high in relation to water
quality standards, and lead ion concentration of wastewaters
must be reduced to a level of 0.05-0.10 mg/L before
discharging to water ways or sewage systems (United States
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coagulation and reverse osmosis (Mansoorian et al. 2014; .Al-
shannay et al,, 2015; Eiband et al. 2014; Kavak, 2013; Lin and
Xu, 2014; Pang et al,, 2011). Recently scientific researchers
concentrated their research work on using agricultural
wastes through biosorption processes for the removal of
Pb(II) ions from aqueous and industrial wastewater by
phoenix tree leaves (Liang et al, 2016), rice husk ash (Feng et
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al, 2004), peanut husk (Abdelfattah et al., 2016), Militia
ferruginea plant leaves (Mengistie et al., 2008), pine cone
activated carbon (Momcilovi¢ et al., 2011), lentil husk (Basu
et el., 2015), modified soda lignin (MSL) extracted from oil
palm empty fruit bunches (Ibrahim et al.,, 2010), olive stone
waste (Fiol et al., 2006), durian tree sawdust, coconut coir
and oil palm empty fruit bunch (Yusoff et al., 2014), Moringa
oleifera bark (Reddy etal., 2010), sulfured orange peel (Liang
et al.,, 2016), Acacia leucocephala bark powder (Munagapati
et al, 2019). Natural materials used as adsorbents for the
removal of Pb(Il) ions from water, aqueous solutions and
industrial wastewater are reported in the open literature
such as natural bentonite (Esmaeili et al, 2019), natural
sepiolite (Bektas et al, 2004), Kkaolinite/smectite natural
composite adsorbent (El-Naggar et al, 2019), natural
diatomite (Brlgin and Tulun, 2015; El sayed, 2018), raw clay
and broken clay brick waste (El-Shahat et al., 2014), kaolinite
clay (Omar et al, 2007; Al-Jalil and Alsewailem, 2009),
polyphosphate modified kaolinite clay (Amer et al, 2010;
Unuabonah et al, 2007), modified with aluminium sulfate
and unmodified kaolinite clay (Jiang et al., 2009), natural
kaolinite clay (Jiang et al., 2010), calcined corncob-kaolinite
(Chukwuemeka-Okorie et al., 2018), natural mixture of
kaolinite-albite-montmorillonite-illite clay (Eba et al,, 2011),
natural zeolite (Erdem et al,, 2004) and activated bentonite
(Kul etal., 2010).

Emerging nanotechnology has been gaining
increasing interest and many nanomaterials have been
developed to remove heavy metals from polluted water, due
to their excellent features resulting from the nanoplatelets
structure. Novel nonmaterial for removal Pb(II) ions from
water and industrial wastewater as reported in literature
such as hydroxyapatite nanomaterial (Mousa et al., 2016),
cadmium sulfide nanoparticles (Golkhah et al, 2017),
nanocarbon materials, nanometal particles, and polymer-
supported nanoparticles (Wang et al, 2012), low-
temperature exfoliated graphene nanosheets (Huang et al,,
2011), graphene oxide-MnFez0s magnetic nanohybrids
(Kumar et al, 2014), alumina-coated carbon nanotubes
(Gupta et al,, 2011), a functionalized single-walled carbon
nanotube (Anitha et al., 2015), multiwalled carbon nanotubes
(Li et al,, 2003), carbon nanotubes (Li et al., 2002), acidified
carbon nanotubes (Wang et al, 2007), manganese oxide-
coated carbon nanotubes (Wang et al., 2007), functionalized
multi-walled carbon nanotube with both amino and thiolated
groups (Hadavifar et al.,, 2014), nanolllite/smectite clay (Yin
et al,, 2018), carbon-based nanomaterials, zero-valent metal,
metal-oxide based nanomaterials, and nanocomposites (Yang
et al.,, 2019), superparamagnetic monodispersed iron oxide
(Fe304) nanoparticles (Sarkar and Sarkar, 2013), purified and
polyhydroxylbutyrate functionalized carbon nanotubes
adsorbents (Bankole et al., 2019).

This research work was concentrated on using
Fe(OH)s/kaolinite nanoplatelets extracted from the
Jordanian kaolin clay as high efficient adsorbent for Pb(II)
ions from aqueous solutions. The prepared Fe(OH)3/kaolinite
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nanoplatelets showed a high adsorption capacity for Pb(II)
ions in aqueous solution.

MATERIAL AND METHODS
Chemical and reagents

Hydrochloric acid (HCL, 37%) and lead acetate dihydrate
Pb(CH3C00)2.2H20 were purchased from Merck, Germany.
Kaolin clay was obtained from Batn El-Ghul deposits, south
Jordan. Distilled and de-ionized water from our laboratory
were used in all our experimental work.

Preparation of nanoplatelets Fe(OH)s/kaolinite

First of all, the samples of kaolin clay were washed with de-
ionized water to remove organic materials and water
soluble metal ions and then by decantation and drying at
80°C for 4h. 1Kg of kaolin clay dried powder was treated
with 500ml diluted hydrochloric acid (10-20%) with
stirring from time to time during 6h. An emulsion was
formed consisted mainly from kaolinite clay, iron,
potassium, sodium, magnesium, calcium salts and traces of
titanium oxide. The brown-white emulsion was treated
with sodium hydroxide (10% NaOH) solution drop wise
under magnetic stirring for 2h, until the emulsion changed
from acidic to alkaline. The obtained emulsion was filtered
on Whatmans filter paper No. 1 at laboratory temperature
(27°C). Afterwards, the obtained mixture of iron hydroxide
and Kkaolinite clay was subjected to centrifuging, washing
and drying in an electric oven at 80°C for 4h to obtain very
fine brown-white powder. This powder was subjected for
analysis by XRF, XRD, FT-IR, SEM and TEM.

Batch adsorption procedure

Stock solutions of Pb(II) were prepared by dissolving
appropriate amounts of Pb(CH3C00)2:2H20 in de-ionized
water. Batch adsorption experiments were carried out in a
series of conical flasks by mixing a constant amount of nano
Fe(OH)s/kaolinite and 100mL of the aqueous solution of
Pb(I[) ions at varying concentration and different
temperatures. Then, the conical flasks were put in a shaker
incubator at 150 rpm for a certain time interval, the
Fe(OH)s/kaolinite nanoplatelets was separated from the
aqueous solutions by centrifugation at 3000 rpm for 5 min,
and the supernatant was subjected to filtration through a
Whitman filter paper No. 2. Pb(II) concentration in the

solutions ~was  measured by AAS600 atomic
spectrophotometer. The percent removal (R) and
adsorption  capacity (qe) of Pb(I[) ions onto

Fe(OH)s/kaolinite nanoplatelets in the batch test was
calculated using the equations:

R (%) = CC;C x 100 (1)
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Fig. 1: XRD of raw Jordanian kaolin clay
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Fig. 2: XRD of Fe(OH)s/kaolinite nanoplatelets

g = % xV (2) Pb(II) solution, mg/L, Ce is the equilibrium concentration of

the Pb(II) solution, mg/L. V (L) is the volume of the
solution and M (g) is the mass of Fe(OH)s/kaolinite
nanoplatelets. All assays were carried out in triplicate and
only mean values are presented.

Where, %R is the Pb(II) ions removal percent, ge is the
equilibrium  capacity of lead onto the nano
Fe(OH)s/kaolinite, Co is the initial concentration of the

92

www.bosaljournals/chemint/ editorci@bosaljournals.com


http://www.bosaljournals/chemint/
mailto:editorci@bosaljournals.com

ISSN: 2410-9649 Awwad et al / Chemistry International 7(2) (2021) 90-102 iscientic.org.

(1-]
~ 80 + s# -
=]
== ™ 8
LS
2B
= 8
= B E
.E n
= % d
[#5] [T I ]
= 40 o -
= b h?
~ [=3]
H
20 =
3 [—]
Sfl|lg E%
=
U 1 » - - 1
00 3400 2B00 2200 100 130 400

Wavenumber (cm1)

Fig. 3: FT-IR of raw Jordanian kaolin clay
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Fig. 4: FT-IR of Fe(OH)s/kaolinite nanoplatelets
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Fig. 6: Scanning electron microscopy (SEM) of the prepared Fe(OH)s/kaolinite nanoplatelets
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Fig. 7: Transmission electron microscope (TEM) of the prepared nano Fe(OH)s/kaolinite from the raw Jordanian

kaolin clay

Characterization techniques

The Fourier transform infrared (FT-IR) spectra of nano
Fe(OH)s/kaolinite were recorded with the Fourier
transform infrared spectrophotometer (IR-Prestige 21
spectrophotometer, Shimadzu). X-ray diffraction (XRD)
analysis was determined by X-ray diffract meter (XRD-
6000, Shimadzu). The  morphology of nano
Fe(OH)s/kaolinite was analyzed by a scanning electron
microscope (SEM, Hitachi S4700) and transmission
electron microscope (TEM, Hitachi HF5000), Pb(II) ons
concentration was determined by atomic
spectrophotometer (AAS600, Shimadzu, Japan) and pH
measurements were made with a WTW PH meter using
combined glass electrode.

RESULTS AND DISCUSSION
XRF and XRD analysis

Raw kaolin clay obtained from Batin El Ghoul, south Jordan
and the prepared Fe(OH)s/kaolinite nanoplatelets were
analyzed by X-ray fluorescence (XRF). The chemical
composition of raw Jordanian kaolin clay determined as:
60.23% SiO2, 18.94% Al203, 8.76% Fe203 1.04% TiOz,
0.54% CaO0, 0.42% Mg0, 0.02% Na:z0, 1.22% K20 and 7.78%
loss of ignition. The prepared Fe(OH)s/kaolinite
nanocomposite analysis as: 74.61% SiOz, 17.82% Al203 and
7.23% Fe(OH)s. XRF analysis showed that the ratio of
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Si0z/Alz203 equals 3.18 for raw kaolin clay and 4.19 for the
prepared Fe(OH)s/kaolinite nanocomposite. Figure 1
showed the X-ray diffraction (XRD) of raw Jordanian kaolin
clay and Figure 2 the XRD of Fe(OH)s/kaolinite
nanoplatelets, indicating the removal of associated
minerals with raw kaolin clay. XRD analysis, Figure 1
showed the disappearance of peaks at 2-theta 15.38, 17.86,
28.78, 47.56, 52.33, which represent the associated soluble
metal ions as chlorides. The removal of these metal ions is
already removed from kaolin clay as soluble metal ions.
Figure 2 showed the XRD of kaolinite and iron hydroxides
Fe(OH)s which compose Fe(OH)s/kaolinite nanoplatelets.

FT-IR analysis

FT-IR analysis of the Jordanian kaolin clay, Figure 3 showed
the hydroxyl stretching vibration bands at 3695, 3680 and
3622 cm', which corresponds to the inner surface -OH
stretching vibration of kaolinite. A band at 3483 cm
belongs to the stretching vibration of the outer-surface
hydroxyl groups. The presence of ferric hydroxyl has a
characteristic peak at 3456 cml. The H-O-H bending of
water is observed at band at 1651 cm which is also
assigned for the -OH bending vibration and C=0 stretching
vibration. The bands at 1116 cm and 1045 cmin the
kaolin clay corresponding to Si-O-Si bending and Si-O is
stretching vibrations. Absorption band at 914 cm1
corresponds to the Al...O-H bending vibration. Bands at
540 and 470 cm! represent to Al-O-Si skeletal vibration.
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Fig. 10: Langmuir isotherms of Pb(1I) ions onto Fe(OH)s/
kaolinite nanoplatelets

The characteristic hydroxyl (-OH) bands of the prepared
Fe(OH)3/kaolinite nanoplatelets at 3699 cm, 3657 cm?
and 3626 cm! still exists (Fig. 4). These results indicated
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that the hydrogen bonding between the layers of raw kaolin
and formation of new hydrogen bonding between the
inner-surface hydroxyl groups. 516 cm-! represent the Fe-O
and Si-0-Al stretching. 475 cm! represent Si-O-Si bending.
The obtained results indicated that the removal of
associated metal oxides from the raw kaolin clay changed
the structure to Fe(OH)s/kaolinite nanoplatelets.

SEM and TEM analysis

Scanning electron microscopy image (SEM) of fine powder
of raw Jordanian kaolin clay (Fig. 5). Particles of kaolin are
plates in shape with size > 1um. After treating raw kaolin
clay with HCl and NaOH, Fe(OH)s/kaolinite nanoplateles
were obtained. Scanning electron microscopy analysis gave
the nanoplateles obtained have size diameter ranging from
7.2-18.6 nm. TEM of the prepared Fe(OH)s/kaolinite
nanoplatelets.  Figure 7  confirmed that nano
Fe(OH)s/kaolinite are in nanoplatelets.

Adsorption efficiency

Effect of pH

Effect of the solution pH on the adsorption process,
experiments were carried out using 0.5g Fe(OH)3/kaolinite
nanoplatelets added to 100 ml of lead solutions with
concentrations 10-100 mg/L, pH was adjusted in the range
1-6. By increasing the initial pH of the solution, the
adsorption of Pb(II) ions increased. At low pH, a large
number of H* compete with Pb(II) ions at the active sites of
adsorbent, therefore the adsorption of Pb(Il) ions
decreased. By increasing the pH of the solution, the
competition started decreasing, therefore the adsorption of
Pb(II) increased sharply to approximately constant higher
values of pH. The pH of the solution considerably affacted
the adsorption and maximum removal was observed at pH
5.5 (Fig. 8).

Contact time

The effect of contact time on the adsorption of Pb(II) ions
onto Fe(OH)s/kaolinite nanoplatelets was investigated. The
adsorption of Pb(1I) ions increased considerably until the
contact time 60 min. Effect of initial metal ion concentration
Pb(II) ions adsorption by Fe(OH)s/kaolinite nanoplatelets
was studied in batch experiments using different initial
Pb(II) concentrations of 5, 10, 20, 40, 60, 80 and 100 mg/L.
The equilibrium uptake of the adsorbent was observed
increasing gradually with an increasing initial
concentration of Pb(II) ions. The increase of adsorption
efficiency with the increase in Pb(II) ion concentration is
probably due to higher interaction between the Pb(II) ions
and sequestering sites present on the surface of the
adsorbent (Fig. 9).

Effect of adsorbent dose
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Fig. 12: Plot InKp versus 1/T for adsorption of Pb (II)
ions onto Fe(OH)s/kaolinite nanoplatelets

The adsorption efficiency for Pb(II) ions as a function of
adsorbent was investigated. The percentage of the Pb(II)
ions adsorption steeply increases with the adsorbent
loading up to 1 g/0.1 L. This result can be explained by the
fact that the adsorbent sites remain unsaturated during the
adsorption reaction, whereas the number of sites available
for adsorption site increases by increasing the adsorbent
dose. The maximum adsorption of nano Fe(OH3s/kaolinite
was attained at adsorbent dosage, 1g/0.1 L. Therefore, the
optimum adsorbent dosage was taken as 0.5g/0.1L for
further experiments. As the adsorbent dose increased, more
active sites to bind Pb(II) ions, thus it results an increase in
the adsorption efficiency until saturation.

Effect of temperature

The effect of temperature on the percent removal of Pb(II)
ions from aqueous solutions by Fe(OH)s/kaolinite
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nanoplatelets was 98.45-99.44% at temperatures 293, 303
and 313 K. From the obtained results that the percent
removal at 303 and 313 K are very close.

Adsorption isotherms

Langmuir adsorption model was applied to the data by the
following equation (Langmuir, 1918):
Ce _ 1 1

_Ce (3)

dm

de amKy,

Where gm and K. are the coefficients, qe is the weight
adsorbed per unit weight of adsorbent, and Ce is the pb(II)
concentration in bulk solution at equilibrium. Equilibrium
concentration Ce and equilibrium capacity qe were
calculated for each metal concentration. Ce was plotted
against Ce/qge and a straight line was fitted in the data (Fig
10). Correlation factor R2 for, Pb(II) ions indicated that
sorption followed Langmuir model. Values of Langmuir
constants qm and K. were calculated from slope and
intercept of line. For lead ions, RZ values = 0.9999, which
clearly suggests the applicability of Langmuir adsorption
model. The calculated constants gm and K. together with
correlation coefficients (R%) are given in Table 1. Low
values of parameter, whereas K indicate that high affinity
for Pb(II) ions.

Freundlich equation (Freundlich, 1906), also
suggests that sorption energy exponentially decreases on
completion of the sorption centers of an adsorbent. This
isotherm is an empirical equation and can be employed to
describe heterogeneous systems and is expressed as
follows in linear form (Eqg. 4).
logq, = logKy +%logCe (4)
Where Kr is Freundlich constant related to the bonding
energy. 1/n is the heterogeneity factor and n (g/L) is a
measure of the deviation from linearity of adsorption.
Freundlich equilibrium constants were determined from
the plot of Inge versus InCe (Fig. 11). 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. The n value of Freundlich
equation was found at 30 °C to be 1.133 for Pb(II) ions
(Table 1). Since n lie between 1 and 10, this indicates the
physical adsorption of Pb(Il ions onto Fe(OH)s/kaolinite
nanoplatelets.

Thermodynamics study

The thermodynamic behavior of the adsorption of Pb (II),
ions onto nano Fe(OH)s/kaolinite prepared from Jordanian
kaolin clay is reported. Thermodynamic parameters
including the change in free energy (AG°), enthalpy (AH°)
and entropy (AS°) were calculated using Eq. 5.
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Table 1: Langmuir and Freundlich isotherms for Pb(1I) ions
Langmuir constants Freundlich constants
dm KL R2 n InKr R2
370.37 0.0048 0.9999 1.113 2221 0.9985
Table 2: Thermodynamic parameters of Pb(II) ions
AGe AHe ASe
T/K Kb InKb (kJ/mol) (k]/mol) (J/Kmol)
293 4.55 1.52 -3.702 22.489 89.434
303 6.35 1.83 -4.611
313 8.02 2.11 -5.491
Table 3: Comparison of Fe(OH)s3/kaolinite nanoplatelets with other adsorbents
Adsorbents ge (mg/g) References
Rice husk 10..8 Fengetal. (2004)
Penut husk powder 19.7 Abdelfattah et al. (2016)
Maize cob 21.4 Muthusamy & Murugan (2016)
Modified loqual leaves 29.6 Awwad & Salem (2012)
Ficus benghalensis L 28.6 Surisetty e al. (2013)
Palm shell axctivated carbon 95.2 Issabayeva et al. (2006)
coconut shell activated carbon 92.4 Caccin etal. (2016)
A native natural bentonite 8.5 Esmaeili & Eslami (2019)
Nanolllite /smectiteClay 0.3 Yin etal. (2018)
natural sepiolite 93.4 Bektas et al. (2004)
Mercapto Sepiolite 97 Liang etal. (2013)
Nano-clay adsorbent 56.2 Unuabonah et al. (2008)
Surface modification of kaolinite 53.3 Al-Harahsheha et al. (2009)
Unmodified kaolinite clay 16.4 Unuabonah et al. (2007)
Phosphate-modified kaolinite clay 17.9 Unuabonah et al.(2007)
Modified kaolinite clay with Al sulfate 20 Jiang et al. (2009)
Unmodified kaolinite clay 125 Ogbuetal. (2019)
Modified sawdust clay 142.8 Ogbuetal. (2019)
Kaolinite/smectite natural composite 517.3 El-Nagger etal. (2019)
Natural mixture of kaolinite-albite 241 Ebaetal. (2011)
Montmorillonite-illite clay 25.6 Ebaetal. (2011)
Iron oxide/hydroxide nanoparticles 52794 Rahimi et al. (2015)
mesoporous magnetite nanospheres 19 Kumari etal. (2015)
Magnetite Loaded on silica Support 25.3 Mahmoud etal. (2019)
Fe(OH)s/kaolinite nanolatelets 370.7 Present work
98
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AG = RTInK, (5)

Where, R is the universal gas constant (8.314 J/mol K). T
(K) is the temperature. Kp is the distribution coefficient.
The thermodynamic equilibrium constant (Kp) of the
adsorption is defined as shown in Eq. 6.

Ca

Kp=—= (6)

Ce

Where, Ca is mg of adsorbate adsorbed per liter and Ce is the
equilibrium concentration of solution, mg/L. 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
relation (Egs. 7-8).

AG® = AH® — TAS° (7)
AHC® AS°
InKp =<7 - (8)

According to Eq. 8, 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. 12). The calculated
values of thermodynamic parameters AGe, AH° and ASe for
the adsorption of Pb(II) onto Fe(OH)s/kaolinite
nanoplatelets are reported in Table 2. A negative value of
the free energy (AGe) 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 nanoplatelets Fe(OH)s/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) k]J/mol. The AGe for Pb(II)
adsorption onto nanoplatelets Fe(OH)s/kaolinite was in
the range of (-3.7 to -5.5) kJ/ mol and so the adsorption was
predominantly physical adsorption. A positive value of AS°
as 89.434 J/ mol K showed increased randomness at solid
solution interface during the adsorption of Pb(II) ions onto
nanoplatelets Fe(OH)s/kaolinite.

Comparison of Fe(OH)s/kaolinite nanoplatelets with
other adsorbents

A comparative of the maximum adsorption capacity, qmax of
Fe(OH)s/kaolinite nanoplatelets with some other
adsorbents reported in literature is given in Table 3.
Differences in gmax are due to the nature and properties of
each adsorbent such as surface area and the main
functional groups in the structure of the adsorbent. A
comparison with other adsorbents indicated a high Pb(II)
ions adsorption capacity of Fe(OH)s/kaolinite
nanoplatelets.
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CONCLUSIONS

The Fe(OH)s/kaolinite nanoplatelets prepared from the
Jordanian kaolin clay deposits, Jordan could be used as
potential adsorbent for the removal of Pb(II) ions from
aqueous solutions. The batch adsorption parameters: pH of
solution, adsorption dose, contact time, initial Pb(II)
concentration and temperature were found to be effective on
the adsorption process. Thermodynamic parameters AG°, AH°
and ASe showed the endothermic and spontaneous nature of
the adsorption of Pb(II) ions onto Fe(OH)s/kaolinite
nanoplatelets. Langmuir model showed the best fit for the
experimental data. The maximum adsorption capacity of
Pb(II) ions onto platelets Fe(OH)s/kaolinite nanoplatelets at
pH 6.0-7.0 and 30°C is 370.37mg/g. Compared to various
adsorbents reported in the literature, Fe(OH)s/kaolinite
nanoplatelets showed good promise for its use in water and
wastewater treatment.
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