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Abstract A novel polyurethane foam/organobentonite/
iron oxide nanocomposite adsorbent was successfully
prepared via in situ polymerization of toluene diisocyanate
and polyol in presence of 5 wt% organobentonite/iron
oxide. The obtained nanocomposite was characterized in
detail, and the results revealed that the clay layers are
exfoliated and/or intercalated in the polymer matrix
forming a nanocomposite structure. The application of the
prepared nanocomposite for adsorption of cadmium ions
from aqueous solution was tested as a function of various
experimental parameters using batch procedures. Adsorp-
tive removal of Cd(II) onto the nanocomposite attained
maximum at adsorbent content 1.5 g/L, pH 6, and the
equilibrium was established within 60 min. Kinetic studies
showed that the experimental data fit very well to pseudo-
second-order model, and the adsorption process proceeds
through three steps. It was found that external liquid film
and intraparticle diffusion steps deeply affect the rate of
Cd>" ions adsorption onto the synthesized nanocomposite.
Langmuir isotherm model fitted the adsorption data better
than Freundlich with a maximum adsorption capacity (gy,)
for Cd(I) equal to 78 mg/g under the specified experi-
mental conditions. The synthesized nanocomposite affor-
ded effective extraction for Cd*" ions from natural water
samples and excellent reusability feature. This study
declares the potential efficiency of a new clay/polymer
nanocomposite as alternative for wastewater remediation.
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Introduction

Heavy metals pollution increases with the rapid develop-
ment of industries such as metal plating, mining operations,
paper, fertilizers, tanneries, batteries and pesticides (Heb-
bar et al. 2016). Unlike other water contaminants, heavy
metals are not biodegradable and tend to accumulate in
living organisms causing ecological disturbances and
serious threat to human health (Dong et al. 2015). Cad-
mium is one of the most toxic heavy metals due to its
carcinogenic potency even at very low level of exposure
(Galbeiro et al. 2014). Long-term exposure to cadmium can
also produce serious damage to kidneys, liver and bones
(Bailey et al. 1999). The World Health Organization
(WHO) and the Environmental Protection Agency (EPA)
recommend a 0.003 mg/L standard for Cd(Il) in drinking
water (Khairy et al. 2014). Therefore, cadmium ions
removal from wastewater before discharging into the
environment is a crucial process that attracts a great deal of
attention (Galbeiro et al. 2014; Khairy et al. 2014; Chen
et al. 2011).

Various methods and techniques have been studied and
applied for Cd(II) removal including adsorption (Chen
et al. 2011; Oliveira et al. 2003), precipitation (Lin et al.
2005), ion exchange (Kocaoba 2007) and electrodialysis
(Marder et al. 2004). Most of these processes have its own
limitations in terms of incomplete extraction, production of
secondary wastes or high operation cost/energy consump-
tion. In this view, adsorption is considered a superior
technique due to its extraction effectiveness even at
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ultratrace amounts, easy handling, low operation cost,
availability of different adsorbents and possibility of
adsorbents reusability using a suitable desorption process
(Mahmud et al. 2016). A large number of adsorbents have
been studied for Cd(II) extraction from wastewater
including natural or synthetic zeolites and clay minerals,
activated carbon, functionalized polymers, metal oxides,
graphene oxide, metal-organic frameworks and carbon
nanotubes. Due to their natural abundance, high specific
surface area and cation exchange capacity and chemical/
mechanical stability, clay minerals are widely used for
cadmium ions removal from wastewater (Burham and
Sayed 2016). Bentonite is a 2:1 phyllosilicate mineral
consisting essentially of montmorillonite and characterized
by its high cation exchange capacity (CEC = 0.8-1.2 meq/
g), large specific surface area and net negative surface
charge. These excellent characteristics give bentonite a
great potential as a heavy metal ions cleaner (Karapinar
and Donat 2009). However, the recovery of bentonite from
aqueous media after the adsorption process is very difficult
due to its small particle size and high hydrophilic property
where it can swell up to 30-fold its original volume
forming a very stable colloidal suspension in water. These
restrict the practical application of bentonite as extractor
(Wang et al. 2014). This problem can be overcome by
using bentonite as a filler with various polymer matrices to
prepare clay/polymer nanocomposites (CPNs) where the
clay platelets are intercalated and/or exfoliated by the
polymer chains.

CPNs are a new category of adsorbents that formed
when small amount (typically less than 10 wt%) of a clay
mineral is dispersed in a polymer matrix (Bergaya and
Lagaly 2007). They characterized by improved chemical
and mechanical stability and excellent adsorption effi-
ciency. In the present work, a novel magnetic poly-
urethane foam/organobentonite/iron oxide (PUF/OB/IO)
nanocomposite was prepared via in situ polymerization of
toluene diisocyanate (TDI) and polyol in presence of
organobentonite coated with iron oxide particles.
Organobentonite was prepared through exchanging the
interlayer cations with hexadecyltrimethylammonium
bromide (HDTMAB) to boost the nanocomposite forma-
tion. Polyurethane foam has been chosen as the polymer
matrix based on its high available surface area, cellular
structure and extremely low cost. In addition, it is
stable in acids, bases and organic solvents (Azeem et al.
2010). The synthesized material was characterized in
detail to investigate its physical and chemical properties.
The applicability of the obtained nanocomposite for
extraction of Cd(II) from aqueous solution was tested
using the batch technique. The overall performance of
PUF/OB/IO nanocomposite adsorbent was estimated in
terms of sorption isotherms, kinetics and effects of
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various parameters (pH, uptake time, sorbent dose and
initial metal ion concentration). Considering the practical
application of the prepared PUF/OB/IO nanocomposite,
the regeneration and analytical applicability for real
samples were also examined. The prepared nanocompos-
ite adsorbents showed considerable improved features
compared to the bare clay in terms of higher adsorption
capacity, extremely ease of separation and excellent
reusability aspects. It is worth to mention that this work
was done during the summer of 2016 at the
inorganic chemistry laboratory, Faculty of Science,
Fayoum University, Egypt.

Materials and methods
Materials

The raw bentonitic clay was collected from Qalamshah—
Fayoum-Egypt, where excessive bentonite deposits are
existent with thickness of 2-3 m (Agha et al. 2015). The
raw clay was purified according to the procedure described
in the literature (Shah et al. 2013); the purified clay was
sodium exchanged using 3 wt% anhydrous sodium car-
bonate and denoted Na—B. The cation exchange capacity
(CEC) and specific surface area (SSA) of Na—B sample
were found to be 85 meq/100 g and 367 m*/g using
methylene blue spot and titration methods (Yukselen and
Kaya 2008), respectively.

HDTMAB (Merck, Germany), polyol and TDI (Adwic,
El-Nasr, Egypt) are of analytical grade and used without
further purification. A stock solution of cadmium
(1000 ppm) was prepared by dissolving appropriate
amount of Cd(NO;),-4H,O (Panreac, Barcelona, Spain) in
double distilled water (DDW) then acidified by 2 mL
HNOj; acid. Working solutions were daily prepared from
the stock by appropriate dilution; the pH of the solutions is
adjusted by controlled addition of HCl or NaOH.

Preparation of the magnetic nanocomposite
adsorbent

Preparation of iron oxide (10)

Iron oxide was prepared using a slightly modified proce-
dure (Cottet et al. 2014): Ammonia solution (2.0 mol/L)
was slowly added to a 100 mL solution containing FeCl;
(2.0 mol/L) and FeSO, (1.0 mol/L) under mechanical
stirring at 500 rpm until the pH of the solution reach
between 11 and 12. The product was washed several times
with DDW until the pH became 7 then oven-dried at 80 °C
for 8 h, grinded, passed through 140 pum sieve and stored in
a desiccator for further use.
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Preparation of organobentonite/iron oxide (OB/I0O)

Organobentonite/iron oxide was prepared by simultaneous
intercalation of both HDTMAB and IO as follow: 5 g of
Na-B was added in portions to 85 mL DDW at 70 °C
under magnetic stirring until thoroughly dispersed.
HDTMAB (3.076 g, equivalent to 2 CEC of the Na-B
sample) and IO (2.5 g) were mixed in 85 mL DDW at
70 °C; then, this mixture was added to the bentonite sus-
pension under mechanical stirring at 1000 rpm for 1 h at
70 °C. The product was aged for 4 h, vacuum-filtered,
washed several times with DDW until free from bromide
ion (testing with 0.1 N AgNO;), oven-dried at 60 °C for
12 h then grinded, passed through 140 pum sieve and stored
in a desiccator for further use.

Preparation of polyurethane foam/organobentonite/iron
oxide (PUF/OB/IO)

The hybrid material was prepared through a two-step
process where: 1.9 g OB/IO (represent 5 wt%) was dis-
persed in 20 g polyol followed by addition of 2 drops of
stannous octoate with vigorous stirring. To this dispersion,
a mixture containing 13.5 g TDI, 2 drops of silicon oil and
2 mL distilled water were gradually added with continuous
stirring. During foaming, the liquid polymer was poured
into a mold and left for 24 h at room temperature. The
foam material was cut into small cubes (0.2 cm in
dimension) rinsed overnight in distilled water, washed with
0.1 M HCI to remove excess inorganics, washed with
acetone to remove excess organics and finally washed with
distilled water and then air-dried.

Characterization

Various characterization techniques were employed to
investigate the physiochemical properties of bare bentonite,
organo-inorganobentonite and the nanocomposite. The
phase identification and X-ray diffraction (XRD) pattern of
the samples were analyzed using PANalytical X-ray
diffractometer model X’Pert PRO (Netherlands). Fourier
transform infrared (FTIR) spectra of the samples were
recorded in the range of 4000—400 cm™' using Mattson
Satellite FTIR spectrometer model 2000 (Madison, USA).
The solid samples were pulverized and mixed together with
KBr powder with 1/100 w/w ratio, pressed into pellets for
2 min at 120,000 psi. The morphology and elemental
composition of each sample were analyzed using a field
emission scanning electron microscope (SEM; Quanta 250
FEG, FEI company, Netherlands) attached with energy-
dispersed X-ray spectroscopy (EDS) unit. All samples were
coated with gold before SEM analysis. Transmission
electron microscopy (TEM) micrograph of PUF/OB/IO

nanocomposite was obtained from a JEM-HR-2100

(Japan).
Adsorption experiments

The adsorption experiments were performed using batch
equilibrium technique at ambient temperature. All the
adsorption experiments were carried out using 25 mL
cadmium ion working solution in 250-mL polyethylene
bottles. Different experimental parameters affecting the
removal process were studied including pH, adsorbent
dosage, contact time and initial metal ion concentration.
The pH was measured using the microprocessor pH meter
BT 500 (Boeco, Germany) and adjusted by adding HCI or
NaOH. The adsorption kinetics was studied by varying the
uptake time over the interval 2-90 min using orbital shaker
at a speed of 200 rpm. Also, the adsorption isotherm was
evaluated by varying the initial metal ion concentration
over 0.6-100 ppm. All the experiments were conducted for
three times, and the average values are reported. Error bars
representing the standard deviation from the mean value
are also introduced to each plot of the adsorption experi-
ments. Residual Cd(II) ion concentrations were measured
using atomic absorption spectrophotometer (Shimadzu,
AA-7000). The amount of Cd(II) adsorbed can be derived
from the initial (C,) and the equilibrium (C.q) cadmium
ion concentrations:

(Co— Ceq)V

ge =t (1)

where g, (mg/g) is the amount of Cd(Il) adsorbed, C, (mg/
L) is the initial Cd(II) concentration, C.q (mg/L) is the
equilibrium concentration of Cd(II) after the adsorption
process, m (g) is the mass of the adsorbent and V (L) is the
volume of the Cd(II) solution. The % removal of Cd(II) by
the PUF/OB/IO nanocomposite is calculated from the
difference between initial and final Cd(II) concentrations
according to Eq. 2:

C, —C,
%Removal = % x 100 (2)

o

Regeneration and desorption studies

The regeneration experiments were conducted to estimate
the reusability of the PUF/OB/IO nanocomposite adsorbent
and discover the efficient reagent for effective Cd(II) des-
orption from the nanocomposite. For this purpose, 0.05 g
from the nanocomposite was mixed together with 100 ppm
Cd(II) solution at pH 6 and agitation speed 200 rpm for
1 h. After that, the loaded samples were washed with DDW
and air-dried. Secondly, each sample was treated with a
different eluting reagent (HCL, HNO;s; or H,SO,) at the
same volume and concentration (25 mL and 0.1 M,
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respectively). The concentration and volume impact—of
the eluting agent—on the desorption process was also
tested. After each desorption experiment, the adsorbent
samples were washed several times with DDW till free
from acid, air-dried and used for the next run. The
reusability of the PUF/OB/IO nanocomposite for Cd(II)
adsorption was assessed by repeating six cycles of suc-
cessive adsorption and desorption.

Application for real samples

To ensure the practical application of the synthesized
nanocomposite adsorbent, two real samples, Qaroun Lake
water and regional Nile river water, were collected and
treated by PUF/OB/IO nanocomposite using batch proce-
dure. Firstly, the water samples were filtered using What-
man filter paper No. 42 to remove suspended particulates.
Then, 1 L from each sample was placed in a clean glass
bottle and spiked with 0, 50 or 200 pg from Cd**. After-
wards, each sample was mixed with 0.1 g PUF/OB/IO for
1 h by the orbital shaker at 200 rpm. Finally, the Cd-laden
PUF/OB/IO samples were separated from the water sam-
ples, eluted by 25 mL 1 M nitric acid and the concentration
of Cd*" eluted was determined by ICP-OES.

Results and discussion

Characterization

X-ray diffraction (XRD)

The XRD patterns of Na-B, OB/IO and PUF/OB/IO

samples are presented in Fig. la—c, respectively. The wide
reflection between 20 = 5° and 20° is attributed to

Fig. 1 X-ray diffraction Courts/s

interstratified clay minerals, mainly montmorillonite and
kaolinite (Kurko and Matovi¢ 2015) (Fig. 1a). The two
peaks at 20 = 20.1° and 26.43° are characteristic for quartz
as a non-clay component, even after purification. The 001
reflection corresponding to Na—B sample at 20 = 7.9° (d-
spacing = 11.19 A) indicates that the bentonite sample is
in the sodium form (Jovic-Jovicic et al. 2008) which asserts
the activation step. The shift of the 001 reflection from 26
7.9° to 4.4°(d-spacing = 20.06 A) in OB/IO pattern sug-
gests intercalation of HDTMA™ ions within the interlayer
structure. From the d-spacing value (2.006 nm), it can be
proposed that the arrangement of the HDTMA™ ions within
the interlayer spaces is a pseudo-trilayer configuration.
Since the thickness of phyllosilicate’s TOT layer is
0.96 nm, a 1.046-nm interlayer space indicates the pres-
ence of a bilayer mirror image arrangement of HDTMA™
ions (Zhu et al. 2003) as depicted in Fig. 2. The peak at
20 = 35.5° in the patterns of OB/IO and PUF/OB/IO is a
characteristic band for iron oxide which implies that 10
particles may be grafted to the bentonite surface. The
absence of the typical 001 diffraction peak in the PUF/OB/
10 pattern suggests that OB was exfoliated and dispersed in
the PUF matrix forming nanocomposite structure (Wu et al.
2013). Moreover, the broad hump at 20 = 20° is due to the
bulk polyurethane polymer portion of the sample (Khu-
dyakov et al. 2009).

FTIR analysis

FTIR spectra of Na-B, OB/IO and PUF/OB/IO are depic-
ted in Fig. 3. The absorption band at 632 cm™' in OB/IO
patterns is assigned to Fe—O vibration (Cottet et al. 2014);
this bands is blue shifted to 662 cm™' in the nanocom-
posite spectrum indicating an interaction between Fe—-O
surface groups and PUF matrix. This interaction is very

patterns of a Na—B, b OB/IO 200
and ¢ PUF/OB/IO
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Fig. 2 Schematic
representation of pseudo-
trilayer arrangement of
HDTMA™ ions within the
interlayer space (Zhu et al.
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Fig. 3 FTIR spectra of Na-B, OB/IO and PUF/OB/IO

important for the stability of the prepared nanocomposite
(LUO et al. 2016).The peaks at 911, 1034 and 1400 cm ™!
were tentatively assigned to Al-O and Si-O stretching and
C-H bending modes, respectively (Wu et al. 2013). The
appearance of three new peaks in the OB/IO chart at 2918,
2860 and 1474 cm™' agree well with asymmetric and
symmetric stretching and bending vibration of —CH, group
in the surfactant chain. In addition, the two bands at 3440
and 1638 cm™! are attributed to O-H stretching and
bending, respectively. The peaks at 1850, 1539, 1303 and
1100 cm™" and that around 3272 cm™' in the nanocom-
posite chart are due to aromatic C—H, aromatic C = C, C—
N, —CO and —-NH, respectively. The decrease in the band
intensity appearing at 3611 cm ™' (which assigned to free
hydroxyl groups) in PUF/OB/IO pattern compared to Na—
B and OB/IO patterns strongly recommends that PUF
reacted with —OH groups on the surface of OB/IO resulting
in a decreased number of free —OH groups. This interaction
is also substantial to produce stable polyurethane
nanocomposite (Zhou et al. 2010). Presence of diverse

functionality (aluminol, silanol, free hydroxyl, carbonyl
and amino groups) within the stable structure of the syn-
thesized nanocomposite greatly supports its practical
application as adsorbent in the wastewater treatment field.

SEM-EDS analysis

SEM images coupled with the corresponding EDS analyses
for Na—B, OB/IO and PUF/OB/IO samples are presented in
Fig. 4a—c. The perfect layer to edge sheet-like structure of
bentonite is obvious in Fig. 4a; the corresponding EDS
analysis indicates that the main elemental components of
bentonite are silicon, aluminum and oxygen in the form of
aluminosilicates. Organo-modification largely changes the
texture of bentonite where the surface seems to be covered
with organic moieties as a result of intercalation by
HDTMA™ ions (Fig. 4bl). Accordingly, the EDS result
displays the disappearance of sodium ion peak along with
increasing the carbon content as a powerful evidence for
the intercalation process. Figure 4b2 shows lighter entities

@ Springer



110

Int. J. Environ. Sci. Technol. (2018) 15:105-118

Fig. 4 SEM-EDS of a Na-B b1 OB/IO b2 OB/IO with different spot for EDS ¢ PUF/OB/IO

which represent aggregates of iron oxide particles as con-
firmed by the EDS analysis indicating that iron oxide
particles could be grafted on the surface and/or intercalated
onto the gallery. Edge curling dispersed clay layers inside
the cellular structure of polyurethane foam (Fig. 4c) con-
firming clay exfoliation (Block et al. 2015). The corre-
sponding EDS analysis declares the elemental composition
of a typical CPN with major % composition for the poly-
mer matrix represented in carbon and minimal % compo-
sition for the inorganic clay filler.

TEM analysis

TEM micrograph of the PUF/OB/IO nanocomposite is
shown in Fig. 5. Dispersion of organobentonite platelets
(encircled darker lines) in the PUF matrix assures the
exfoliation and/or intercalation of the clay platelets and
formation of nanocomposite structure as argued from the

Fig. 5 TEM image of PUF/OB/
10 nanocomposite

* @ Springer

results of XRD and SEM analyses. Intense dark spots in the
micrograph are attributed to iron oxide particles.

Adsorption experiments
Effect of pH

Solution pH is the most important parameter affecting
heavy metals removal from aqueous media as it not only
influences the metal ion speciation but also the charges on
the active extraction sites (Zhao et al. 2010). For this
purpose, the effect of solution pH on the removal of Cd(II)
from aqueous solution onto PUF/OB/IO nanocomposite
was studied over the pH range 3-9 and the results are
plotted in Fig. 6a. The uptake efficiency increases from 73
to 98% as the pH increases from 3 to 6 and maintains a
high level. At lower pH values, there is a competition
between hydrogen and cadmium ions towards adsorption
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Fig. 6 Effect of a pH, b sorbent dose and ¢ shaking time on the extraction of Cd(II) onto PUF/OB/IO nanocomposite at C, = 0.8 ppm

onto the nanocomposite binding sites. Also, the protonation
of the surface functional groups impedes the adsorption of
Cd(II) due to electrostatic repulsion (Cottet et al. 2014)
which decline the uptake %. With pH rising, the removal
efficiency enhanced as the competition between H™ and
Cd>" gets minimized and the surface functional groups
acquire negative charges due to deprotonation. These
changes promote (1) surface adsorption, (2) surface com-
plexation and (3) electrostatic attraction of the metal ion
under consideration towards the adsorbent (Wu et al.
2013). Beyond pH 8, precipitation of cadmium hydroxide
will be a predominant mechanism for Cd(IT) removal. As a
consequence of the above considerations and negligibility
of iron leaching around neutral pH range (Ma et al. 2016;
Atia et al. 2005), pH 6 was chosen as optimal pH for fur-
ther tests.

Effect of adsorbent dosage

Many researchers showed that the adsorbent dosage has a
significant effect on the removal of metal ions from
aqueous solutions (Setshedi et al. 2013; Zhao et al. 2010).
The effect of the nanocomposite content on the extraction

of Cd(II) from aqueous solutions was tested over the range
0.01-0.15 g/25 mL, and the results are presented in
Fig. 6b. The uptake efficiency enhances with the sorbent
content reaching 99% at 0.035 g/25 mL. This could be
illustrated in terms of increasing adsorbent content
increases the number of active sites available for adsorp-
tion and hence efficient extraction was achieved. Above
0.1 g/25 mL dose, the decline of % extraction may be
attributed to active sites blocking and/or partial aggregation
of the nanocomposite. So we choose 0.035 g/25 mL as the
optimum nanocomposite dose for Cd(Il) extraction from
aqueous solution.

Effect of uptake time

The amount of metal ions retained on the adsorbent surface
largely varies with time; therefore, the extraction of cad-
mium ion from aqueous solution by the nanocomposite was
studied over the time interval 2-90 min and the results are
depicted in Fig. 6¢. As shown in this figure, the extraction
efficiency increases rapidly with the contact time where it
reaches 94% within 30 min and then increases slowly with
longer times, and equilibrium is attained within 60 min.
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Therefore, 60-min contact time was chosen as sufficient
time to attain equilibrium for Cd(II) ions with the
nanocomposite adsorbent. This results indicate that
adsorption of cadmium ion onto nanocomposite is a mul-
tistage process as will be discussed in the next section.

Adsorption kinetics

To investigate the mechanism of the adsorption particularly
the rate-limiting step, the kinetic data were simulated using
pseudo-first-order, pseudo-second-order, film diffusion and
intraparticle diffusion kinetic models. For pseudo-first-
order model which is expressed by Lagergren equation:

In(g. — q;) =Ing, — kit (3)

where ¢q. and g, represent the amount of Cd(II) ion adsor-
bed (mg/g) at equilibrium and at time 7 and K; (min~") is
the first-order rate constant. A plot of In (g.—q,) versus t
gives a straight line which allows calculation of the rate
constant (k;) and the equilibrium adsorption capacity (g.).
The convergence of the experimental Kkinetic data to
pseudo-first-order model is presented in Fig. 7a. The cor-
responding kinetic parameters are shown in Table 1. A
very small estimated q. value compared to the experi-
mental one and a relatively weak fitting to the simulated
curve compared with that of pseudo-second-order implying

a
-4.0 - -
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C
g 554
=
-6.0 -
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C o572
-—a_a=_=
0.568 - /
— 0.564
o
=3
E
< 0.560
0.556
0.552
T T T T T
o 2 6 8 10
t °° (min®%).

that pseudo-first-order model cannot correlate the experi-
mental kinetic data very well.

The adsorption kinetic data were then analyzed using
pseudo-second-order kinetic model which expressed as
follows:

t 1 t

o 2%d 4 @
where k> (g/mg min) is the second-order rate constant. The
values of the second-order rate constant (k,) and equilib-
rium adsorption capacity (g.) can be calculated from the
intercept and slope of a plot between #/g, and time ¢.

The kinetic plot of t/q, versus time t is depicted in
Fig. 7b, while the kinetic parameters are given in Table 1.
It is clear that pseudo-second-order model describes the
adsorption process much better than pseudo-first-order
model as the simulated curve better fits to the experimental
data and the calculated ¢. value is very close to the
experimental one (0.571 mg/g). This result emphasizes that
adsorption of cadmium ions onto the nanocomposite is due
to chemisorption (Randelovic et al. 2014).

To investigate the rate-determining step that controls the
adsorption process, the experimental kinetic data were
analyzed using intraparticle and film diffusion models
where one or both steps should be involved in the rate-
determining step (Qiu et al. 2009).
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Fig. 7 Fitting of cadmium ion adsorption data onto PUF/OB/IO nanocomposite to a pseudo-first-order, b pseudo-second-order, ¢ Intraparticle

diffusion and d film diffusion kinetic models
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Table 1 Kinetic parameter for pseudo-first-order, pseudo-second-
order and film diffusion models

Model Rate constant Ge cac(mg/g) R?

Pseudo-first-order K, = 0.068 min~" 0.018 0.970
Pseudo-second-order K, = 11.4 g/mg min  0.570 0.999
Film diffusion R' = 0.068 min~' 0.980

For intraparticle diffusion model, it could be described
by Webber—Morris equation:

qr = kint®? (5)

where ki, is the intraparticle diffusion model constant. A
plot of g, versus 4/t should be a straight line if the intra-
particle diffusion is the only rate controlling step. Figure 7c
shows a diverse situation, where the plot is nonlinear over
all the time range. Instead, the curve can be separated into
three linear parts where none of them pass through the
origin suggesting that the intraparticle diffusion step is not
the only rate-limiting step, but there are three independent
steps controlling the adsorption process. This in turn agrees
with the results recently reported for adsorption of Cd(II)
onto modified magnetic polyacrylamide microcomposite
(Zhao et al. 2014).

To ensure that liquid film diffusion step is involved in
the adsorption kinetics, the experimental data were fitted
according to film diffusion model which is described by the
mass transfer rate equation:

1n<1 - %) = Rt (6)

where R' (min~") is the liquid film diffusion constant. As
the model proposed, a straight line plot of In(1 — Z—’) versus

t indicates that liquid film diffusion is involved in the rate-
determining step (Qiu et al. 2009). Figure 7d indicates that
the external liquid film diffusion step strongly affects the
adsorption of Cd(II) onto the PUF/OB/IO nanocomposite
where the kinetic data are fitted very well to this model
(R* = 0.98).

Based on these combined evidences, it can be concluded
that the process of cadmium ions adsorption onto PUF/OB/
10 nanocomposite proceeded via three steps, firstly, rapid
external liquid film diffusion then relatively slow pore
diffusion and finally adsorption of the ions to the interior
binding sites, i.e, bounding pores and capillary spaces.

Adsorption mechanism

It was argued in the previous sections that the process of
Cd*" adsorption onto PUF/OB/IO nanocomposite is a
chemical in nature. To investigate the type of this chemical
binding, the infrared spectra of the nanocomposite before

and after the adsorption process were compared as depicted
in Fig. 8. The broadband around 3200 cm™' which
assigned to —-NH groups in the polymer chains was col-
lapsed and blue shifted after adsorption suggesting that the
amino groups involved in the adsorption process through
complexation with cadmium ions. Bit sharpening of the
band at 1670 cm™' which assigned to amide C=O groups
after adsorption confirms that cadmium ions were coordi-
nated strongly to them (Zhao et al. 2014). Also, the change
in the shape of the bands assigned to silanol (1038 cm_l),
aluminol (460 cmfl) and Fe-O (662 cmfl) groups is due
to electrostatic attraction and/or ion exchange between
these groups and cadmium ions. From these findings, we
can conclude that the adsorption process of M(II) onto the
nanocomposite proceeded via complexation, electrostatic
attraction and/or ion exchange which strongly confirm the
previous discussion which also in agreement with previous
studies (Liu et al. 2015; Wu et al. 2015).

Adsorption isotherm

The adsorption isotherms are generally used for simulating
the experimental data, describing the interaction between
adsorbent and adsorbates thus optimizing the adsorption
process and allowing the evaluation of the adsorptive
capacities of adsorbents. Langmuir and Freundlich iso-
therms (Egs. 7 and 8, respectively) are frequently used to
evaluate the adsorption behavior of systems under study
(Foo and Hameed 2010).
QbC,

e — 7
9« =11bcC, )

where ¢g,, Q and b are equilibrium adsorption capacity (mg/
g), maximum monolayer capacity (mg/g) and enthalpy of
adsorption (L/mg), respectively.

ge=Kr+C" (8)
where kg is the unit capacity coefficient and 1/n is the
Freundlich constant related to the system heterogeneity.

The experimental data were simulated using these
models as presented in Fig. 9, and the relative parameters
calculated from the two models are listed in Table 2.

As clearly shown, the experimental data are best fitted to
Langmuir model which is confirmed by the higher deter-
mination coefficient (R*> = 0.993) and the convergence
between the estimated g, value and experimental one. This
result suggests that cadmium ions adsorption onto the PUF/
OB/IO nanocomposite is a monolayer coverage which
agrees with that reported in the literature (Machida et al.
2012; Wu et al. 2015). The separation factor Ry is a
characteristic of Langmuir isotherm that can be calculated
according to Eq. 9.
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Fig. 8 FTIR spectra of PUF/OB/IO before adsorption (in red) and after adsorption (in blue)

Fig. 9 Nonlinear fit of the
experimental adsorption data
using Langmuir and Freundlich
isotherm models

Table 2 Isotherms parameters
for Langmuir and Freundlich
models
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RL=————
1+ K, xC,

9)
where C, is the initial solute concentration (mg/L) and K,
is the Langmuir adsorption constant (L/mg). The values of
Ry calculated based on Eq. 9 are 0.144-0.96.

From the Ry values and affinity constant 1/n (0.99), it
can be concluded that the adsorption of Cd(II) onto the
nanocomposite is favorable and the chemisorption process
is the predominant mechanism for such adsorption (Foo
and Hameed 2010) as confirmed in the previous sections.
The maximum adsorption capacity value g,, of PUF/OB/IO
nanocomposite for Cd(Il) estimated from Langmuir model
is 78 mg/g under the given experimental conditions. This
value is comparable with that reported using other adsor-
bents as shown in Table 3. Taking into account the features
of simple preparation, facile separation and most impor-
tantly costs considerations, PUF/OB/IO nanocomposite can
be considered as a promising adsorbent for Cd(II) removal
from aqueous solutions.

Desorption and reusability of PUF/OB/IO
nanocomposite

The desorption characteristic of PUF/OB/IO nanocom-
posite was tested using various acidic solutions to find the
proper eluting agent for Cd*" (Table 4). Cadmium ions
desorption from PUF/OB/IO nanocomposite significantly
depends on the composition of the eluting solution. Highest
desorption % was noticed for nitric acid where quantitative
desorption was achieved by using 1 M nitric acid and no
significant increase was observed by raising the

concentration. Such findings strongly demonstrates the
strong interaction between cadmium ions and the active
sites within the nanocomposite. As deduced from the IR
spectrum of the nanocomposite after adsorption process,
surface complexation and ion exchange are the most
probable mechanisms for such strong bonding which
reflects the effectiveness of the synthesized nanocomposite
for metal ions cleanup from wastewaters. Similar finding
was reported by Wu et al. (2015) for desorption of Cd*"
from 3D sulfonated reduced graphene oxide adsorbent.

To check the reusability performance of PUF/OB/IO
nanocomposite adsorbent, six successive adsorption—des-
orption cycles have been conducted at the same adsorbent
samples and the results are presented in Fig. 10.

The adsorption capacity of PUF/OB/IO nanocomposite
adsorbent remains unchanged even after five regeneration
cycles. Instead, just a bit increase in the adsorption effi-
ciency was observed after the second cycle. A slight
decrease after the fifth cycle indicates that PUF/OB/IO
could retain its functionality more than five cycles without
significant loss of original adsorptive capacity. These
results indicated that spent PUF/OB/IO nanocomposite
could be regenerated and further reutilized, which on the
other hand supports its practical application as adsorbent.

Application for real samples

Practical application of an adsorbent to real samples is the
end goal of adsorption studies for wastewater remediation.
Successful application of the studied adsorbents to real
samples largely guarantees their effective performance
within practical wastewater treatment procedures. For this

Table 3 Comparison between adsorption capacities of different adsorbents for Cd(Il)

Adsorbent pH Adsorption capacity (mg/g) References

Bentonite 6.00 3.16 Chen et al. (2011)

Amberlite 4.00 0.640 Kocaoba (2007)

Carbon nanotube 6.00 33.0 Perez-Aguilar et al. (2011)

2-Aminoacetyl thiophenol-modified polyurethane foam 4.00 10.0 Burham (2009)

IDA-chelating resins 5.00 68.6 Wau et al. (2015) and Atia et al. (2008)

PUF/OB/IO nanocomposite 6.00 78.0 This study

Table 4 Characteristic of HCL HNO; H,S0, HNO; HNO,

eluting solutions and percents of . ) .

Cd** desorbed Concentration (M) 0.100 0.100 0.100 0.500 1.00
Volume (mL) 10.0 10.0 10.0 25.0 25.0
% Cd(I) desorbed 0.500% 10.0% 0.300% 78.0% 99.8%
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Fig. 10 Adorption cycles of
PUF/OB/IO nanocomposite 50
adsorbent for Cd(II) at given ]
experimental condition
(pH = 6, metal ion = 40 5
concentration = 100 mg/L and =4 4
contact time = 60 min) g 505 o
8
(=% 4
S
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2
S 4
= 104
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Tablc.e 5 Additiop—recovery Sample Cd** added (ug/L) Found (pg/L) Recovery %
tests in the experiments for
Cd(II) and Zn(II) in different Qaroun Lake water 0.0000 41.00 £ .0001
real samples (mean =+ SD, 50.00 87.00 %+ .0001 95.60
n=3) . . . .
200.0 233.0 £ .0003 96.70
Bahr Yussef water 0.000 18.00 £ .0001
50.00 67.00 £ .0000 98.50
200.0 213.0 £ .0001 97.70

purpose, two natural water samples are spiked with dif-
ferent amount of Cd*" and mixed together with PUF/OB/
10 adsorbent. Recovery of metal ions from the nanocom-
posite was done using 25 mL 1 M nitric acid. Results of
the nanocomposite application for real samples are depic-
ted in Table 5.

All the recovery values for cadmium(I) were in the
range of 95.6-98.5%. These values show that the synthe-
sized nanocomposite could be used as a solid-phase
extraction material for the preconcentration of cadmium
from real samples which strongly recommends the practi-
cal application of the synthesized nanocomposite as alter-
native in the wastewater treatment field.

Conclusion

A novel PUF/OB/IO magnetic nanocomposite adsorbent
has been successfully prepared via in situ polymerization
technique using 5 wt% OB/IO. The characterization results
demonstrated that the organoclay was exfoliated and/or
intercalated through the PUF polymer matrix indicating
nanostructure formation. The adsorption experiments
revealed that the prepared nanocomposite afforded an
effective removal of cadmium ions from aqueous media

ﬁ @ Springer

over a wide pH range and within short time. The kinetic
study results also showed that the removal of cadmium
onto the nanocomposite followed the pseudo-second-order
kinetic model with intraparticle and film diffusion steps
controls the adsorption rate. Moreover, PUF/OB/IO
nanocomposite showed an excellent regeneration feature
and excellent applicability for extraction of cadmium ions
from natural water samples. The prepared nanocomposite
can be considered as an inexpensive, readily available,
easily prepared and easily separable adsorbent. These
whole aspects strongly suggest that the obtained
nanocomposite has a promising potential as an efficient
adsorbent for the wastewater treatment discipline.
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