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Effluent water from different industries is considered one of the most serious environmental pollutants due
to its non-safe disposal. Therefore, proper treatment methods for such wastewater are strongly stimulated
for its potential reuse in industries or agriculture. This study introduces a composite fabricated via doping of
polystyrene with nanoparticles of cobalt hydroxide as a novel adsorbent for dye and heavy metal
decontamination from wastewater. The adsorbent fabrication involves the preparation of polystyrene via
high-internal phase emulation (HIPE) polymerization followed by its intercalation with particles of alkali
cobalt. The chemical composition and structural properties of the synthesized composite were
confirmed by X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, and energy-
dispersive X-ray spectroscopy (EDX). Moreover, scanning electron microscopy (SEM) and N, adsorption—
desorption surface area analysis were performed to identify the surface and morphological
characteristics of the composite. Then, the ability of this structure toward the removal of methylene blue
dye (MB) and heavy metal (iron ) species from waste aqueous solutions was investigated. Successful
elimination for both MB and Fe(n) was achieved by the presented composite. Elevated adsorption
capacities of 75.2 and 112.3 mg g%, toward MB and Fe(i) respectively, were detected for the presented
polymer-metal hydroxide composite. The increased values of the composite are attributed to the
presence of both organic and inorganic functional groups within its structure. Kinetic and isotherm
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second-order kinetic model and Langmuir isotherm model. Additionally, thermodynamics measurements

DOI 10.1039/d3ra03794k indicated that the adsorption process of methylene blue and Fe ions is feasible, spontaneous,
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toxicities to ecological and biological systems.** Metals such as
iron, cadmium and lead are counted as the most common

1 Introduction

The growing industrial, agricultural, and regional activities
across the world have resulted in the release of huge amounts of
wastewater. Three main categories of contaminants, namely,
microorganisms, organics, and inorganics exist in waste-
water."”” Dyes and metal ions respectively represent the major
organic and inorganic pollutants in water samples. These
contaminants have been paid much attention because of their
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inorganic pollutants since they are generated from many
industries including fertilizer industries, metal plating, mining
operations, paper industries and pesticides.>® Furthermore,
organic contaminants of dyes such as methylene blue, reactive
dyes and methyl orange are of wide availability in the samples of
effluent water from pharmaceutical, cosmetic, leather, textile,
plastic and paper industries.”® Special concerns have arisen
from these pollutants due to the ability of organisms to store,
accumulate and transfer them. Therefore, these may cause
serious public health problems in several animals and human
beings.”” Accordingly, wastewater systems have become serious
problems that need to be urgently solved.

Enormous efforts and several research studies have reported
the remediation of water pollution caused by species such as
dyes and metal ions. Various techniques including reverse
osmosis,' flocculation," electrochemical precipitation, ion

© 2023 The Author(s). Published by the Royal Society of Chemistry
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exchange™ and adsorption™™® have been developed and
utilized to circumvent water pollution. Among these tech-
niques, adsorption has been extensively used to remove metal
ions and dyes from wastewater samples since it offers process
simplicity, low operating costs and high efficiency."”"* Efficient
adsorbents for such removals may include zeolites, polymers,
bio-carbon materials, metal oxides and clays."”

Of these structures, polymers are characterized by many
good features including tolerability, good mechanical proper-
ties and low fabrication costs. Therefore, they are widely
employed in many applications such as packaging, tissue
engineering, drug delivery and wastewater remediation.**?**
Polymer composites can offer superior properties to individual
polymers in some specific applications such as transportation,
marine, aerospace/defense, electromagnetic shielding and
wastewater treatment.***> The adsorption efficiency of polymer
composites toward the present pollutants in wastewater
samples has been extensively studied over the past few
decades.”®” Among these composites, metal-organic frame-
work/poly-dopamine® and clay-based composites® are found to
exhibit enhanced absorptivity toward water contaminants.
Furthermore, inorganic structures such as metal oxides and
hydroxides offer unique physical and chemical properties such
as large specific surface areas and abundant active sites. Hence,
they have been applied in many applications including catalysis
and water treatment.*® However, their high surface-to-volume
ratio increases the tendency of their particles to aggregate
together. Thus, combining metal oxides or hydroxides with
polymers or metal organic framework structures produces
hybrid organic/inorganic materials through which the aggre-
gation of particles can be avoided. Additionally, these
composites may exhibit properties that are not presented by
their composing materials separately.>>>*

Polystyrene-activated carbon composites were used effec-
tively for the removal of methyl orange as an organic pollutant
from wastewater.** A novel hybrid nanomaterial was fabricated
by encapsulating ZrO, nanoparticles into spherical polystyrene
beads (MPS) covalently bound with charged sulfonate groups (-
SO*7) and applied for the removal of Pb(i) from wastewater.*> A
polystyrene/AIOOH hybrid material has been prepared by a sol-
gel method and applied for Pb(u) decontamination from
wastewater.*®  Polystyrene/CuO/calcined  layered  double
hydroxide (PS/CuO@CLDH) microspheres were successfully
fabricated by the dispersion polymerization method and
applied for the efficient removal of Congo red (CR) from
wastewater.** A poly(styrene-block-acrylic acid) di-block copol-
ymer/Fe;O, magnetic nanocomposite (abbreviated as P(St-b-
AAc)/Fe;0,) was prepared by a reversible addition fragmenta-
tion transfer (RAFT) method and applied for the removal of
antibiotic compounds from wastewater.>® A calcium-barium
phosphate (CBP) composite membrane with 25% polystyrene
was prepared by a co-precipitation method and utilized for the
efficient desalination of saline water and more importantly
demineralization process.*® Titanium dioxide nanowires (TiO,-
NWs) were successfully prepared by a hydrothermal method
and then embraced in polystyrene (PS) to form nanocomposites
via emulsion polymerization of styrene monomers in the
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presence of different ratios of TiO, nanowires. The prepared
polystyrene/TiO,-NW nanocomposite material was applied for
the removal of organochlorine pesticide (OCPs) residues from
contaminated water.?”

In agreement with the trend of wastewater purification via
adsorption, this study introduces a composite made up of
cobalt hydroxide and polystyrene as a novel structure for the
removal of methylene blue dye and iron species from waste
aqueous solutions. The novelty of this research work is based on
presenting a composite adsorbent for the removal of heavy
metals and dyes, with a different composition (PS-Co(OH),)
than those previously reported in the literature, which are
generally based on carbon structures, functionalized polymers
and metal oxides (or mixed-metal oxides). Moreover, the intro-
duced composite in this study relies on the presence of OH
anions to interact with cationic species as well as the presence
of cobalt (cation), which can have affinity to anionic species and
heavy metals too. Therefore, this composite shows tendency
and effective selectivity toward several species simultaneously,
unlike other presented adsorbents in previous studies, which
mostly have selectivity toward a certain substance. In addition,
the presence of OH groups can facilitate extra adsorption
mechanisms via hydrogen bonding and anion exchange; thus,
several adsorption mechanisms can potentially take place, at
the same time, by PS-Co(OH),. Furthermore, the use of PS with
highly porous nature as support to Co nanoparticles could help
in their high dispersion, leading to good enhancement for the
adsorption performance of the introduced composite in this
research work. The adsorption efficiency of this composite,
under the effect of different operational parameters, was
investigated. Moreover, the kinetics and thermodynamics of the
introduced adsorption processes were also studied.

2 Experimental

2.1. Materials

Styrene, potassium per sulfate, sodium dodecyl sulfate, ferric
chloride, and methylene blue dye (MB) were purchased from
Sigma-Aldrich Co. (St Louis, MO, USA). The prior-stated
reagents were used as received with no further treatments.
Different industrial wastewater samples containing Fe’*
(100 mg L") for sample (1), and MB dye (40 mg L") for sample
(2) were collected from iron foundries in El Obour city and
textile company in Abu Zaabal, Egypt respectively (Table 1).

2.2. Preparation of PS

Polystyrene was synthesized via a high-internal phase emulsion
polymerization technique. Experimentally, styrene (4.96 g) was
mixed with sodium dodecyl sulfate (0.494 g), as a surfactant,
producing the oil phase for PS synthesis. The mixture was then
added to 11 mL of deionized water at 60 °C under stirring,
forming an emulsion. Potassium per sulfate (0.23 g) was then
added to the mixture, as an initiator, to allow polymerization to
occur. The mixture was kept under stirring for 2 h at 60 °C.
Subsequently, the emulsion was dried in an oven at 60 °C for
12 h to get the PS polymer ready and fully synthesized.*

RSC Adv, 2023, 13, 25334-25349 | 25335
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Table 1 CAS registry numbers and source of the chemicals
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Formula

CAS number Assay  Supplier

Industrial wastewater sample (1); contains Fe** (100 mg L") N/A
Industrial wastewater sample (2); MB dye (40 mg L) N/A
Styrene

Potassium per sulfate
Sodium dodecyl sulfate
Ferric chloride
Methylene blue dye

K,S,04

FeCl;

2.3. Preparation of Co(OH),/PS composites

An aqueous solution of CoCl, was prepared (1.3 g in 100 mL
deionized water) and kept under vigorous stirring at 80 °C until
the solution became clear. Promptly, PS (1.4 g) was subse-
quently added to the solution where stirring was continued for
15 min. Next, NaOH (0.1 M) was drop-wise added under stirring
till complete precipitation of cobalt hydroxide (pH of 10-11) on
PS had taken place. The cobalt hydroxide-loaded PS (Co(OH),/
PS) was filtered and washed several times with deionized water
and then dried, in an oven, at 60 °C for 2 h.*?

2.4. Characterization of Co(OH),/PS composites

The verification of the structural characteristics of the prepared
powder polymers and composite was done by Fourier-transform
infrared (FTIR) spectroscopy using a PerkinElmer Spectrometer
400 (PerkinElmer Inc., Waltham, MA, USA) equipped with
a Golden Gate diamond single-reflection device. The surface
morphology of the produced composite was acquired using
a scanning electron microscope (SEM), model QUANTA FEG
250, USA. This microscope has an accelerating voltage of 30 kv
and the magnification range between 14 and 1000 000 times
with a high resolution of 1 nm. The SEM device was equipped
with an energy-dispersive X-ray (EDX) unit to facilitate the
quantitative elemental analysis of samples. X-ray diffraction
patterns for the samples were obtained using a Panalytical
Diffractometer (X'Pert Pro, USA). The specific surface area of the
composite was measured by N, adsorption-desorption tech-
nique using a Quantachrome TouchWin™, version 1.21,
instrument. The surface characteristics measurements were
carried out at 77.35 K preceded by sample degassing under
vacuum at 60 °C for 6 h.

2.5. Adsorption experiments

The sorption characteristics of the prepared Co(OH),/PS
composites towards methylene blue and Fe(m) ions were
studied in batch experiments at room temperature (25 £ 1 °C)
using a thermo shaker water bath (scientific precision SWB 27 —
27 L) in polypropylene tubes. The solution pH was adjusted
during the sorption process with 0.5 M HCI and 0.5 M NaOH.
The equilibrium studies were performed using different metal
ion concentrations (10-100 mg MB L' and 40-200 mg Fe(m)
LY. The sorption kinetics was studied at different reaction
time periods (10-300 min). Briefly, a definite amount of the
sorbent (m, g) was shaken with a definite volume of the
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CeHsCH=CH,

CH,(CH,),,0SO;Na 151-21-3

N/A N/A Textile companies in El Obour city, Egypt
N/A N/A Iron foundries in Abu Zaabal, Egypt
100-42-5 =99.0% Sigma-Aldrich Co. (St Louis, MO, USA)
7727-21-1 =99.0%

=98.5%
7705-08-0 97%

C16H15CINSS-3H,0 122965-43-9 N/A

wastewater solution (V, L) containing an initial concentration of
100 mg Fe(ur) L™ for sample (1), and 40 mg MB L~ for sample
(2). All tests were conducted three times and only a relative error
mean value of =4% was accepted. After each experiment of
adsorption, the spent sorbent was removed from the solution of
decontaminated water by filtration using a membrane of pore
diameter equal 0.45 pm.

The concentration of the MB solution was determined
using a UV-visible spectrophotometer (Jasco V-550, Japan) at
663 nm based on a calibration curve that was previously
constructed through utilizing various solutions of MB with
known initial concentrations.® The concentration of iron in
the aqueous solution was determined utilizing the Egyptian
Standard method 1700/1989 as follows. Particularly, each
tube of measuring included 2.5 mL of hydrochloric acid,
which was then supplemented with up to 25 mL distilled
water. A drop of KMnO, was then added to obtain a pink-
colored solution. Next, 5 mL KSCN (20%) was added, where
the volumes were made up to 50 mL with distilled water.
Then, these solutions were measured using a spectropho-
tometer at a wavelength of 520 nm.*®* The sorption
efficiency%, sorption capacity ¢. (mg g '), and the dimen-
sionless distribution constant (K¢) were calculated using the
following equations:*’

R = L =G g0 1)
=(Co—C) x — (2)
qe - (¢ (5 m
Ke = <£) % 1000 3)
C.

3 Result and discussion

3.1. FT-IR analysis of the synthesized polystyrene

The structural characteristics of polystyrene were verified by
FTIR analysis (Fig. 1). It can be noticed that the absorption
peaks are located along a wide range of wavenumbers in the
displayed spectrum.

The first peak at 3026 cm ™" was assigned to the aromatic C-H
stretching vibration, while the second peak assigned to aliphatic
C-H stretching was seen at 2917 cm™'. The next three peaks
located at 1596, 1485 and 1451 cm™ ' respectively were ascribed to
the aromatic C-C stretching vibration. The noted peaks at 1233,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 FT-IR analysis of polystyrene.

Fig. 2 SEM image of the Co(OH),/PS composite.

1046, 751, and 695 cm™ ' were attributed to the vibrational
aromatic C-H deformation. The exhibited functional groups in
the tested sample qualitatively confirm the successful synthesis of

polystyrene.*
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3.2. Characterization of the prepared Co(OH),/PS composite

The elemental analysis, morphological structural and surface
characteristics of the prepared cobalt hydroxide-polystyrene
were studied respectively by energy-dispersive X-ray (EDX), SEM,
XRD, FTiR and N, adsorption-desorption BET analyses. The
morphology of the Co(OH),/PS composite is illustrated by the
SEM images shown in Fig. 2. A highly rough and bit wavy
surface could be detected for the obtained composite, which is
due to the amorphous nature of polystyrene. However, the
surface of proper uniformity with the clear observation of
distributed Co(OH), particles on the surface of PS could be
seen.

The metal hydroxide particles tended to distribute in
a good manner throughout the surface of PS. Furthermore,
the provided data through the EDX spectrum (Fig. 3) revealed
the detection of both Co and O in the as-prepared composite,
which is explained due to the successful incorporation of
metal hydroxide particles with polystyrene structures. The
quantitative Co weight percent, as given by EDX, was found to
be 6.9 wt%, which perfectly agrees with the calculated
element weight during the preparation stage. This percentage
indicates the existence of proper amounts of Co on the
surface of the polymer, which is in agreement with the
exhibited morphology of Co(OH),/PS composites through the
SEM image. Simultaneously, a high percentage of the C
element was noticed through the elemental analysis that are
attributed to the polystyrene structure of quite high molec-
ular weight.

The structural characteristic of the composite was acquired
by both FTIR and XRD analyses, as respectively shown in Fig. 4
and 5. With regard to the exhibited FTIR spectrum, absorption
bands similar to those formerly noticed for blank polystyrene
could be detected for the investigated composite. Neverthe-
less, the intensities of these peaks could be reduced and their
shapes had been slightly deformed. These changes in FTIR
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Fig. 3 EDX signals of the Co(OH),/PS composite.
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Fig. 4 FTIR spectrum of the Co(OH),/PS composite.

Intensity

Fig. 5

X-ray diffraction analysis of the Co(OH),/PS composite.

absorption bands are attributed to the born strain stress in
polystyrene particles due to the loading of Co-hydroxide onto
their surfaces. Additionally, the presence of hydroxide parti-
cles within the structure of the composite was further verified
by observing a new intense broad absorption band centered at
3442 ecm™'. This FTIR band could be attributed to the
stretching vibration mode of -OH, which is present in cobalt
hydroxide.

The results of X-ray diffraction (XRD), performed on the
Co(OH),/PS composite, are shown in Fig. 5. The noticed
diffraction peak centered at 26 = 19.54° corresponded to the
non-crystalline regions of the composite due to the amorphous
nature of polystyrene. The observed diffraction peaks at 20 =
32.5°, 38.5° and 58.97° were assigned to Co(OH),. These signals
are quite sharp with low intensities, which referred to the
formation of Co(OH), in the shape of crystals; however, they are
present with limited number in the composite structure. The
displayed XRD pattern could confirm the precipitation of metal
hydroxide within the polymer geometry.*

The specific surface area of the particles of Co(OH),/PS
composites was determined from the adsorption branch of the
N, adsorption-desorption isotherm wusing the Brunauer,
Emmett and Teller (BET) eqn (4).

25338 | RSC Adv, 2023, 13, 25334-25349
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where P, is the initial pressure, P is the instant pressure, Vis the
total volume of gas adsorbed at pressure P, V,, is the volume of
monolayer, C = exp[(AH;, — AH;)/RT], AHy, is the enthalpy of
liquefaction and AH, is the enthalpy of adsorption of the first
layer.

Fig. 6 displays the plot of P/[V(P, — P)] against P/P,, as
experimentally collected from the N, adsorption measure-
ments, where a straight line referring to a correlation coefficient
of 0.845 was observed. Thus, the particles of the Co(OH),/PS
composite could exhibit a quite high specific surface area (Sggr)
value of 186.1 m* g™ ". This result indicates that the Co(OH),/PS
composite can offer extended adsorption capacity, reflecting its
high potential for up-taking the different adsorbates from
wastewater samples.

3.3. Sorption investigation

3.3.1. Methylene blue removal using Co(OH),/PS compos-
ites. The sorption tendency of the prepared composite towards
methylene blue sorption from industrial wastewater solutions
was investigated. The impact of numerous conditions of the
sorption capacity such as shaking time, sorbent dose, adsorbate
initial concentration, temperature, and solution pH were
explored, and the results are presented in Fig. 7.

Fig. 7-I displays the effect of shaking time (10-300 min) on
the MB sorption capacity. The attained data declare that the
sorption capacity is positively increased as the reaction time
increases up to about 150 min (equilibrium state). This could be
attributed to the availability of active function groups on the
composite surface.”® The maximum sorption capacity was
~33.5 mg g ' at equilibrium. By prolonging the equilibrium
time, a steady state was observed. This could be explained based
on the surface-active function groups' saturation.”® Fig. 7-1I
exhibits the variation in sorption capacity as a function of
sorbent dose (0.5-3 g L™"). The obtained results indicated that
the increase in the sorbent amount of addition is depicted by
ramp down in MB sorption capacity, which could be attributed

3

12 [WPPo) - 1))
-
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Fig. 6 BET plot of the Co(OH),/PS composite.
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Fig.7 Effect of different parameters on MB adsorption capacity using Co(OH),/PS composite: () reaction time effect (1.0 g L=% 150 rpm; pH of
6.5; initial concentration of 40 mg L™%; 25 °C), (Il) sorbent dose effect (180 min; 150 rpm; pH of 6.5; initial concentration of 40 mg L™%; 25 °C), (Ill)
initial concentration effect (1.0 g L=t 180 min; 150 rom; pH of 6.5; 25 °C), (IV) temperature effect (1.0 g L™t 150 rom; pH of 6.5; initial
concentration of 40 mg L™%; 180 min), and (V) solution pH effect(1.0 g L% 150 rpm; 180 min; initial concentration of 40 mg L™ 25 °C).

to that the low dye molecule concentration was not equivalent
to the available sorbent surface functional groups.*”

The change in sorption capacity with the variation in MB
initial concentration (10-100 mg L") is shown in Fig. 7-III. The
obtained results explore the increment in the sorption capacity as
the adsorbate initial concentration increases. This performance

© 2023 The Author(s). Published by the Royal Society of Chemistry

could be due to the availability of active functional groups on the
Co(OH),/PS composite surface for binding to dye molecules.>***

The impact of reaction temperature (25-70 °C) on the MB
sorption capacity could be explored from Fig. 7-IV. The exhibi-
ted results indicated that the negative influence of the reaction
temperature on the sorption capacity reflects the exothermic
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nature of the MB sorption process.”*** The same exothermic
nature has been recognized for MB sorption from wastewater
using arginine modified activated carbon,” bone char,*
hydroxyapatite sodium alginate,” and thiosemicarbazide-
functionalized graphene oxide composite.”* Fig. 7-V displays

the effect of solution pH (2-10) on the MB sorption process.
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From the Figure, it is clear that the sorption capacity improved
as the solution pH increased up to pH 4. The sorption capacity
is almost stable at solution pH 4-8. The obtained results are
consistent with the literature.”*® The increase in solution pH
has negative effects on the MB sorption process.
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Fig.8 Effect of different parameters on the Fe(i) adsorption capacity using Co(OH),/PS composites: () reaction time effect (1.0 g L™%; 150 rpm:;
pH of 2.0; initial concentration of 100 mg L™%; 25 °C), (1) sorbent dose effect (180 min; 150 rom; pH of 2.0; initial concentration of 100 mg L™%; 25
°C), (lll) initial concentration effect (1.0 g L™ 180 min; 150 rpm; pH of 2.0; 25 °C), (IV) temperature effect (1.0 g L™%; 150 rpm; pH of 2.0; initial
concentration of 100 mg L™1; 180 min), and (V) solution pH effect (1.0 g L™%; 150 rpm; 180 min; initial concentration of 100 mg L™%; 25 °C).
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3.3.2. Iron(m) ion removal using Co(OH),/PS composites.
Fe(m) removal from industrial wastewater was conducted using
Co(OH),/PS composites. The dependency of the sorption
capacity on different reaction conditions such as shaking time,
sorbent dose, adsorbate initial concentration, temperature, and
solution pH was investigated, and this is shown in Fig. 8.

The dependence of Fe(m) sorption capacity on reaction time
(10-300 min) was investigated, and this is explored in Fig. 8-I.
The displayed data demonstrate that the Fe(u) sorption capacity
is rapidly increasing as the shaking time increases up to 90 min
and then reached the steady state. This means that the sorption
equilibrium is achieved at 90 min. The maximum sorption
capacity at equilibrium is about 40 mg g *. The rapid increase
in the sorption process before equilibrium state is due to the
free surface-active sites on the composite; however, after equi-
librium, the steady state is achieved due to the occupation of
most of the composite active sites.">*® Fig. 8-II shows the impact
of the composite amount of addition (0.5-4 g L") on the Fe(m)
sorption capacity. The exhibited results indicated that the
sorption capacity is dramatically decreased with the increment
in sorbent dose. This performance could be due to that the low
dye molecule concentration was not equivalent to the available
sorbent surface functional groups.*>*”

The impact of Fe(m) ion initial concentration (40—
200 mg L") on the sorption capacity is illustrated in Fig. 8-III.
The displayed results indicated the positive impact of the metal
ion initial concentration could be due to the availability of
active function groups on the Co(OH),/PS composite surface for
binding to Fe(um) ions.**' The variation in Fe(u) ion sorption
capacity as a function of reaction temperature (25-70 °C) is
explored and presented in Fig. 8-IV. The obtained results indi-
cated that the sorption process is endothermic, whereas the
increment in reaction temperature improves the sorption
capacity. The same endothermic nature was reported for iron
ion sorption from wastewater using -chitosan,”™*® silica-
supported organic-inorganic hybrids,'® and pecan shell-based
activated carbon.™

Fig. 8-V shows the impact of solution pH (2-10) on the Fe(m)
ion sorption process. From the figure, it could be observed that
the Fe(ur) sorption capacity was low in the acidic medium and
tended to increase the pH value 12.0. Iron(m) precipitation was
observed at pH 6.0 onwards, and the intensity of precipitation
increases with the increase in pH from 6.0 to 10.0, which
reflects that the removal may be due to the formation of metal
hydroxide precipitation.*>¢

3.4. Modeling of the sorption process

3.4.1. Sorption kinetic models. The kinetic analysis of
experimental data for MB and Fe(m) sorption processes using
the Co(OH),/PS composite was carried out to investigate the
mechanism of adsorption, equilibrium time as well as rate
controlling steps. In this regard, pseudo-first-order (Lagergren),
pseudo-second-order, intra-particle diffusion (Weber-Morris),
and Bangham's models were used for analyzing the adsorption
results. The linear forms for the applied models are exhibited in
eqn (5)-(8) respectively as follows:*™**
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where g. (mg g™') is the equilibrium concentration of oil
molecules and ¢, (mg g ') is the adsorbed amount of oil
molecules after time ¢ (min), and &; (min~") and k, (min™") are
the rate constants for the pseudo-first and -second orders,
respectively. Kiq (mg g~* min %) is a rate constant, C is the
thickness of the boundary layer, and K, and « are constants.

The plot of the Lagergren model was exhibited as the varia-
tion in log(g. — ¢q,) as a function of time (Fig. 9-I), the illustration
of time/qt against time (Fig. 9-II) represents the pseudo-second-
order model, Fig. 9-III displays the relation between g; and
time®® (Weber and Morris model), while the Bangham plot is
displayed by the double logarithmic plot (Fig. 9-IV). The attained
values of the kinetic parameters were declared in Table 2.

The values of the kinetic parameters (Table 2) indicate that
the pseudo-second-order kinetic model possesses the highest
coordination coefficient (R> = 0.99). Besides, the calculated
sorption capacities from the pseudo-second order (geca) for MB
and Fe(m) ions (37.9 and 45.7 mg g~ respectively) are close to
the experimental sorption capacity (eexp) for MB (35.2 mg g ')
and Fe(m) ions (44.4 mg g ). This means that MB and Fe(u)
sorption process using the Co(OH),/PS composite is fitted well
to the pseudo-second order model. This indicates the chemi-
sorption nature for MB and Fe(m) sorption from wastewater,
and the removal process involves electron sharing between the
composite surface active sites and dye molecules and Fe(m)
ions.*™* The same kinetic profile was reported for methylene
blue and Fe(m) sorption from wastewater using iron-based
metal organic frameworks,® hydroxyapatite sodium alginate,*
and  thiosemicarbazide-functionalized  graphene  oxide
composites.”* Moreover, Fe(III) removal from wastewater using
chitosan,'>*® silica-supported organic-inorganic hybrids,'® and
pecan shell-based activated carbon® was also obeyed to the
pseudo-second-order kinetic model.

The tendency of the prepared composite towards MB and
Fe(m) ions could be ranked as follows: Fe(u) ions (44.4 mgg ') >
MB molecules (35.2 mg g~ ). Furthermore, the values of the half
equilibrium time of MB are higher than those of Fe(ir) ions (MB:
1.5 h; Fe(m): 45.6 h), while the initial sorption rate for MB
(24.9 mol g~ ' h™") is less than that of Fe(m) ions (1.0 mol g *
h™Y). This performance confirms that the composite exhibits
a higher tendency toward Fe(ur) ions than toward MB molecules,
and indicates that the equilibrium state for the Fe(um) ion
sorption reaction is faster than that of the MB sorption reaction,
which is consistent with the experimental results, whereas the
equilibrium state for Fe(m) ions is obtained after 90 min, while
the MB equilibrium state is reached after 150 min.
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Fig. 9 Illustration of the kinetics of pseudo-first-order (I), pseudo-second-order (Il), Weber—Morris (lIl), and Bangham (IV) models for MB and

Fe(m) process.

Table 2 Evaluated parameters of the applied kinetic equations

MB Fe(m)
Lagergreen pseudo first-order k; (min™") 0.016  0.012
Geca (Mg g™ ") 25.4 16.6
Geexp (Mg g™ ) 35.2 44.4
R 0.947  0.953
Pseudo second-order k, (min™) 0.001  0.022
Geca (Mg g™ ") 37.9 45.7
Geexp (Mg g™ ) 35.2 44.4
h(molg™'h™) 152  45.66
tyo (h) 24.9 1.0
R 0.993  0.998
Weber and Morris model Stage 1
k (mg g 'min~"?) 178 1.67
c 11.0 23.2
R 0.991  0.961
Stage II
k; (mgg ' min~"?)  0.33 0.55
c 29.5 34.8
R 0.998  0.993
Bangham's equation model ko (mg g " min™) 0.05 0.06
o 0.67 0.37
R 0.957  0.957

25342 | RSC Adv, 2023, 13, 25334-25349

The Weber-Morris kinetic model is applied to explore the
mechanism of MB and Fe(m) ion sorption using a Co(OH),/PS
composite. The relation between g, versus time®> (Weber and
Morris plot) displays the mechanisms that control the sorption
process, whether it is a solo or multi-reaction mechanism. The
sorption process is controlled by a solo reaction mechanism if
the plot exhibits a linear relationship passing through the origin;
however, it is controlled with multiple mechanism if the plot
consists of several segments.”>** Fig. 9-III declares that the MB
and Fe(ur) sorption processes are controlled with multi-reaction
mechanisms, whereas the plot consists of two segments. This
indicates that the sorption process was performed through two
stages; the first stage expresses the sorption process up to reac-
tion equilibrium (150 min for MB and 90 min for Fe(ur) ions).
This stage was characterized by the rapid rate of reaction, which
is due to the availability of free active sites on the composite
surface.*»** The second stage extends after equilibrium time, and
was characterized by the slow rate of reaction, which could be
attributed to fill most of the adsorbent surface area holes.*™*

It is worth noting that the first stage of Mb and Fe(m) ion
sorption processes possess a lower constant C (boundary layer
effect) and a higher rate of reaction than the second stage,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reflecting that the sorption process in the first stage occurs at
the sorbent surface (high rate of reaction), while in the second
stage, the sorption process takes place inside the sorbent pores
and the intra-particular diffusion is the controlling mechanism
(low rate of reaction).’”**** The same kinetic profile was re-
ported for methylene blue and Fe(III) sorption from wastewater
using iron-based metal organic framework,® hydroxyapatite
sodium alginate,* thiosemicarbazide-functionalized graphene
oxide composite,® chitosan,'>'® silica-supported organic-inor-
ganic hybrids,’® and pecan shell-based activated carbon,*
which also obeyed the pseudo-second-order kinetic model.

The Bangham kinetic plot (Fig. 9-IV) exhibits a good linear
relationship (R*> = 0.95), which reflects that the MB and Fe(m)
ion sorption process is also controlled by the diffusion of
adsorbate species into the pores of prepared composites.*'™*
This result is consistent with the findings by Weber-Morris
kinetics, whereas the sorption process is controlled with
multiple reaction mechanisms.

3.4.2. Sorption isotherm models. The experimental data
was analyzed using different conventional isotherm models to
explore the isotherm of industrial wastewater treatment using
Co(OH),/PS composites. The applied isotherm models are the
Freundlich model, which gives insight into the heterogeneous
multilayer adsorption; the Langmuir model assumes with the
monolayer adsorption; the Temkin model describes the
adsorption heat; and the Dubinin-Radushkevich (D-R) model
is related to the adsorption energy.*>** Eqn (9)-(12) represent
the applied three-isotherm models respectively.****

o (ra) o] ©

Ing. =In K¢ + F} In C, (10)
n
Ing. =1Ing, + Koae® (11)
e = E111 KTCe (12)
br

where C. (mg L") is the equilibrium concentration of U(vi) ions,
gmax (Mg g~ ") is the theoretical adsorption capacity, Ky is the
Langmuir constant, and Ky and n are Freundlich constants. gy is
the theoretical isotherm saturation capacity (mg g '); K,q is the
Dubinin-Radushkevich isotherm constant (mol*> J2), and is
important to evaluate the mean sorption energy (Epg) which
equals (1/v/2K,q); ¢ is the Dubinin-Radushkevich isotherm
constant and equals (RT'In(1 + 1/C,)). by is the Temkin constant
that refers to the adsorption heat and Kp (L min~") is the
equilibrium binding constant.

The variation in In g, against In C, (Fig. 10-I) was applied to
verify the Freundlich isotherm model, the Langmuir model plot
(Fig. 10-11) relate Ce/q. versus C., Fig. 10-I1I displays the relation
between ¢. and In C. (Temkin isotherm model), while the rela-
tion between In ¢. and ¢* (D-R model plot) is shown in Fig. 10-
IV. The values of the isotherm model parameters are displayed
in Table 3. The anticipated results declare that MB and Fe(ur)
ion sorption processes obeyed the Langmuir isotherm model,
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but they possess the highest coordination coefficient (R*> =
0.99). This means that the industrial raffinate effluent treat-
ment using the prepared composite is a homogeneous and
monolayer process.*”** The same isotherm performance was
reported for wastewater treatment using iron-based metal-
organic frameworks,® hydroxyapatite sodium alginate,*
thiosemicarbazide-functionalized graphene oxide composites™
for methylene blue sorption process, and chitosan,'*® silica-
supported organic-inorganic hybrids,' and pecan shell-based
activated carbon® for the Fe(III) removal process.

Table 3 declares that the Co(OH),/PS composite exhibits
higher sorption tendency for Fe(m) ions (g, = 112.3 mg g~ ')
than for MB molecules (g, = 75.2 mg g~ ). The feasibility of MB
and Fe(m) sorption processes could be explored from the values
of the dimensional constant separation factor (R;), whereas
sorption is feasible if 1 (Ry) 0, while it is an unfavorable process
if Ry, is higher than 1."*>** Fig. 11 shows that the values of Ry,
are between 0.3 (R) 0 for MB, and 0.1 (R;) 0 for Fe(m) ions,
which indicates that the sorption process using the Co(OH),/PS
composite is a feasible process.

The Freundlich isotherm model exhibits a proper coordi-
nation coefficient (R* = 0.98), which reflects that the multilayer
sorption process could be present during the MB and Fe(u) ion
sorption process.*>** In addition, the n values are > 1 (2.05 for
MB and 1.65 for Fe(m) ions), indicating the favorable adsorption
conditions.” The Temkin isotherm model possesses a proper
coordination coefficient (R* = 0.98), which indicates that this
model could also describe well the obtained experimental
results. The Temkin isotherm parameters indicated that the
heat adsorption of MB and Fe(m) ions are 173.6 and 99.1 ] mol
respectively, and the heat adsorption binding constants of the
sorption process are 2.4 and 0.1 L g~ for MB and Fe(m) ions
respectively.

The sorption capacity of the applied Co(OH),/PS composite
was compared with other sorbents reported in the literature,
and this is shown in Table 4. The applied sorbent shows
a relatively fast kinetics, and the equilibrium state is achieved
within 240 min. Besides, good removal efficiency at room
temperature reflects an energy-efficient process. Finally, the
sorption performance and stability of the applied sorbent
indicate a promising material for the wastewater treatment
approach.

3.4.3. Thermodynamic investigation. The nature of MB
and Fe(m) removal from industrial wastewater using Co(OH),/
PS composites could be explored by evaluating the reaction
thermodynamic parameters, i.e. Gibbs free energy change (AG),
enthalpy change (AH), and entropy change (AS). Eqn (13)-(15)
declare the applied equations for illustrating the van't Hoff plot
(Fig. 12) and evaluating the process thermodynamics variables
as follows:*'™*

AH° 1
10gKC:72.303R>< ?+A (13)
—AG® = 2.303RTlog K¢ (14)
AG°® = AH° — TAS® (15)
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Fig. 10 Illustrate of the isotherm of plots of Freundlich (I), Langmuir (ll), Temkin (lll), and D-R (IV) models for MB and Fe(i) processes.
Table 3 Evaluated parameters of the applied isotherm equations P
03
MB Fe(m) 03 S-Fe(in
Freundlich isotherm N 2.1 1.6 0.2
model Ke (mgg™) 13.0 3.7
R’ 0.98 0.99 2 o2
Langmuir isotherm model gm (mg g™ 75.2 112.3
b (Lmg ) 0.16 0.97 o1
R 0.99 0.98 o
R-D isotherm 8 (mol® kJ?) 0.61 0.18 ‘ “\n%\g_e\
gm (mmol g™ ) 9.1 11.7 o0
E (k] molfl) 0.9 1.7 o 50 100 150 200 250 300 350
R? 0.76 0.86 C, ppm
Temkin isotherm b (J mol™) 173.60 99.14
B 14.3 25.0  Fig.11 Separation factor R, of MB and Fe(i) sorption processes.
Kr(Lg™) 2.4 0.1
R? 0.97 0.98

where K¢ is a non-dimensional equilibrium constant and it
equals Kg4 x 1000 x p;*” T is the temperature (K), R is the
universal gas constant (8.314 J mol ' K™ ), p is the solution
density (g L"), and 4 is a constant.

The values of the thermodynamic variables are exhibited in
Table 5. The displayed results explore that MB is exothermic in

25344 | RSC Adv, 2023, 13, 25334-25349

nature, whereas it exhibits a negative AH value (—30.6 k] mol ™).
On the contrary, Fe(u) ion sorption is an endothermic process,
whereas it possesses a positive AH value (14.8 k] mol™*). The
Gibbs free energy change (AG) for both MB and Fe(i) ions is
negative, which reflects a feasible and spontaneous
reaction.”* The MB sorption process is characterized by
decreasing the randomness at the solid-solution interface,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of the maximum sorption capacities of different sorbents for MB and Fe(in)

Sorbent type Ce, mgg " Time, min Temp, °C pH ge, Mg g " Ref.
MB

Graphene hybridized polydopamine-kaolin 5-40 1440 27 — 39.6 45
composite

Bentonite and opuntiaficusindica 10-360 15 — 6 30.1 11
Mesoporous CuO@BSS nanocomposite 5-100 30 — 10 50.0 46
Magnetic clinoptilolite/chitosan/EDTA 10-50 120 40 5.5 44.4 47
Silica aerogel/Ni/C/N 5-100 30 30 — 115.0 48
Fe;0,@C nanocomposite 15-40 720 25 7 52.5 49
Fe-BDC MOF 1-5 1440 — — 8.6 8
Co(OH),/PS composite 10-100 180 25 6.5 75.2 P.W.
Fe(m) ions

Silica-supported organic-inorganic hybrid sorbents 50-700 30 25 5 97.1 16
Pecan shell based activated carbon 25-100 90 30 3 41.6 19
Cross-linked chitosan 3-9 60 — 5 64.1 18
Chitosan 10-50 240 30 4 28.7 15
Rice husk ash 2-40 60 5 25 6.21 50
Chitosan/polyethylene glycol blend membrane 2-10 80 27 5 90.9 51
Activated carbon from coconut shells 20-100 90 25 6 81.8 52
Co(OH),/PS composite 40-200 180 25 2 112.3 P.W.
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Fig. 12 Van't Hoff plot for MB and Fe(in) ion sorption processes.

whereas it shows a negative AS value (—31.9 k] mol™" K);
however, the Fe(ur) sorption process exhibits a positive AS value
(110.7 kJ mol ™" K) reflecting an increase in the randomness at
the solid-solution interface.**** The same thermodynamic
performance (exothermic, spontaneous, and feasible process)
was reported for methylene blue sorption from wastewater

Table 5 Thermodynamic parameters for MB and Fe(i) ion sorption
processes

AG (k] mol ™) AH AS

25°C 40°C 50°C 60°C 70°C (kJmol™") (JmolK ')
MB  —21.1 -21.0 —20.6 —20.1 —19.7 —30.6 -31.9
Fe(m) —18.1 -19.8 —21.1 -22.0 —23.1 148 110.7

© 2023 The Author(s). Published by the Royal Society of Chemistry

using iron-based metal organic frameworks,® hydroxyapatite
sodium alginate,” and thiosemicarbazide-functionalized gra-
phene oxide composites.”® Moreover, Fe(m) removal from
wastewater by sorption thermodynamics properties such as
endothermic, spontaneous, and feasible processes was reported
for wastewater treatment using chitosan,'>'® silica-supported
organic-inorganic hybrids,' and pecan shell-based activated
carbon.”

3.5. Impact of competing ions

Wastewater solutions contain diverse ions such as Na', K*,
Mg>*, Ca>, and Mn*" along with the organic dye molecules.*>®
The assessment of the practical application of Co(OH),/PS for
the treatment of wastewater solutions generated from textile
industries and iron foundries was achieved by investigating the
impact of coexisting metal ions on the sorption performance of

MB

Fig. 13 Effect of the coexisting ions on the sorption capacity of Mb
and Fe(n).
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Fig. 14 Recyclability of the Co(OH),/PS composite.

Co(OH),/PS. In this regard, the impact of a mixed solution of
Na®, K*, Mg**, Ca**, and Mn>" with an initial concentration of
50 mg L' of each metal ion on the adsorption capacity of MB
and Fe(m) was investigated. The attained results in Fig. 13
indicate that the sorption capacity of MB and Fe(m) was reduced
by about 14 and 18% from the sorption capacity without the
interfering ions. Nevertheless, the prepared Co(OH),/PS
composite exhibits higher sorption capacities for Fe(ur) and MB
in comparison with other interfering ions. This indicates that
the prepared composite exhibits a proper potentiality for the
application in wastewater treatment approaches.

3.6. Reusability investigation

The sorbent reusability is an important parameter in terms of
sustainable process. In this regard, the spent Co(OH),/PS
composite was washed with distilled water and then introduced to
the elution process using a hydrochloric acid solution.”**** The
stability of the prepared Co(OH),/PS composite for three consec-
utive sorption/desorption cycles was investigated, and the results
are displayed in Fig. 14. The anticipated data declare that the
sorption capacity of MB and Fe(u) decreased by about 12 and 15%
respectively from the sorption capacity of the fresh sorbent, which
reflects good stability for the prepared composite and potentiality
for application as a sorbent in environmental clean-up processes.

4 Conclusion

In this research, a Co(OH),/PS composite has been prepared and
tested as a new adsorbent for the removal of cationic species
contaminants including methylene blue dye and Fe(m) from
wastewater samples. XRD, FT-IR and EDX analyses confirmed the
structural characteristics of the introduced composite. Addi-
tionally, measurements of surface properties indicated the high
specific surface area of this composite. Moreover, good uniform
morphological features could be presented by the composite.
Adsorption studies showed that the contact time, composite dose

25346 | RSC Adv, 2023, 13, 25334-25349

and temperature positively increased the removal efficiency of
MB and Fe(m) by the composite. By applying kinetic and
isotherm models on the experimental data of adsorption, it was
noted that the process followed the pseudo-second-order kinetic
model and Langmuir isotherm model. The thermodynamics
studies revealed that the adsorption was endothermic; however,
it was spontaneous and feasible (AG exhibited negative values).
This means that the adsorption was driven by entropy change
rather than enthalpy change.
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