Arabian Journal of Chemistry (2023) 16, 105031

ags2sdlloldl

King Saud University

King Saud University

Arabian Journal of Chemistry

www.ksu.edu.sa
www.sciencedirect.com

ORIGINAL ARTICLE

Nanoparticles of (calcium/aluminum/CTAB)
layered double hydroxide immobilization onto iron

Check for
updates

slag for removing of cadmium ions from aqueous

environment

Teba S. Hussein *, Ayad A.H. Faisal

Department of Environmental Engineering, College of Engineering, University of Baghdad, Baghdad, Iraq

Received 23 December 2022; accepted 22 May 2023

Available online 29 May 2023

KEYWORDS

Alum;

Calcium;

Plaster kiln dust;

Layered double hydroxide;
CTAB surfactant;
Cadmium adsorption

* Corresponding author.

Abstract The novel point of this study represents by manufacturing new material for treating of
aqueous solution laden with cadmium ions. This can achieve through utilizing of alum as cheapest
and available substance, plaster kiln dust wastes from gypsum industry, and cetyl trimethyl ammo-
nium bromide surfactant in the preparation of nano-sized layered double hydroxide of aluminum
and calcium in the existence of mentioned surfactant. The gel-solution of nanoparticles can be
co-precipitated on the iron slag to obtain new sorbent identified ““iron-slag coated with (calcium/
aluminum- cetyl trimethyl ammonium bromide) layered double hydroxide” and composition of
all materials was characterized by analysis of X-ray diffraction. The outcomes proved that the area
of slag surfaces was increased significantly from 0.49 to 10.21 m?/g due to the surfactant intercala-
tion and precipitation of nanoparticles. The synthesis parameters require surfactant 0.035 g/50 mL,
pH 10, molar ratio of (calcium/aluminum) 2, and mass of slag 1 g/50 mL. Batch tests proved that
more than 99.3% cadmium can remove at time 60 min, initial pH 7, coated slag mass 0.5 g/50 mL,
and speed 250 rpm for 50 mg/L initial concentration to obtain highest capacity of sorption of
14.50 mg/g. The measurements of kinetic tests were well followed the model of Pseudo second-
order and; accordingly, the chemisorption mechanism will predominate the removal process. Model
of intra-particle diffusion demonstrate that the electrostatic attraction, hydrogen bonding and dif-
fusion are major mechanisms required in the cadmium removal onto the prepared sorbent. Also,
Langmuir model is an ideal formula for representing the sorption data with determination coeffi-
cient = 0.99. Characterization tests certified that the nanoparticles on the slag can play a prime role
in the enhancement of cadmium sorption. In addition, the exhausted sorbent can be regenerated
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and its efficiency was not less than 83% for removal of cadmium after 9 regeneration cycles.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Heavy metals like cadmium, nickel, zinc, copper, chromium and
others, are closely related to the products of industrial society. These
metals are utilized extensively in the antibacterial materials, electronic
components, photosensitive materials, batteries, etc. If the wastewater
laden with such toxic metals is dumped into the water resources and
ecosystems, acute and chronic toxicity to health of public and ambient
can be expected (Faisal and Nassir, 2016; Ghodsi et al., 2021;
Shayesteh et al., 2021; Tang et al., 2020). Due to the toxicity of cad-
mium for living things, such metal has long been a cause for concern
in the ecosystem. Malfunction of kidney, bronchitis, respiratory ill-
nesses, and problems with reproduction can all be brought on by cad-
mium (Faisal et al., 2022a, 2022b, 2022¢; Koldabadi et al., 2012). The
permissible level for cadmium concentration in the surface water
according to the environmental regulations must not be exceeding
0.005 mg/L (Faisal and Hmood, 2015). Thus, the metal removal espe-
cially cadmium ions from resources of water represents the unique task
for recent researchers (Basibuyuk and Kalat, 2004).

There are numerous techniques for remediating of effluents laden
with metals; however, the best one relies upon the contaminant content
and the processing cost. Electroplating, chemical precipitation and ion
exchange are familiar techniques that mostly applied to remove the
hazardous metals. The technique of adsorption considers one of
promising methods due to its resistance to poisonous substances, sim-
plicity of design, and operation, as well as its low cost (Faisal et al.,
2022a, 2022b, 2022c; Hilal et al., 2012). The prime sorbent applied his-
torically in the remediation of metal ions — aqueous solution is the
“Activated carbon” which cost varied from 1500 to 2000$ for each
ton including 10-15% loss for covering the regeneration process
(Samra et al., 2014). Utilization of cheapest sorbents like olive pips
(Faisal et al., 2020) and date stones (Faisal et al., 2022a, 2022b,
2022c), or preparation efficient reactive materials from byproducts like
cement kiln dust (Shihab and Faisal, 2022), sewage sludge (Faisal
et al., 2022a, 2022b, 2022c) and waste foundry sand (Faisal and
Ahmed, 2014) instead of high cost ones has been extensively studied.
Also, nano-sized sorbents were applied in several researches like
(Behbahani et al., 2022; Ghorbani-Kalhor et al., 2015; Zarezade
et al., 2017) to treat wastewater laden with toxic metals.

Among the popular sorbents, layered double hydroxide (LDH)
materials have extensively applied due to their high efficiency, easy
in synthesis, and low cost (He et al., 2017; Zhao et al., 2011). LDHs
are a wide class of ionic lamellar compounds consisted of layers
charged positively with containing charge compensating anions and
solvation molecules within the interlayer region, its similar to brucite
structure in which trivalent metal ions partially substitute divalent
cations. The general formula of LDHs may be described as (M37,
M:* (OH) ,) ** (A"™7)xn'nH,0], where M2 and M3" are metal
cations which occupy octahedral holes in a brucite-like layer. These
cations come from the divalent and trivalent metal salt utilized for
preparing of LDHs (Zubair et al., 2017). The A™ forms different types
of organic or inorganic anion that situated in the hydrated interlayer.
The replacement of M2* by M*" in the hydroxide layer brings about a
positive charge, which can neutralize by (A™). The space of interlayer
also includes molecules of water, hydrogen bonded to OH ™ layer and/
or to the anions interlayer (Normah et al., 2021). Several previous
investigations (Faisal et al., 2022a, 2022b, 2022c; He et al., 2018;
Liang et al., 2013; Tran et al., 2018; Zhao et al., 2011) are directed
to prepare LDH from different materials and used to capture a wide
board of chemicals. The introduction of cetyl trimethyl ammonium
bromide (CTAB) bio-surfactant to the LDH composition can increase

the sorption performance of prepared material especially this surfac-
tant can classify as environmental friendly in its behavior
(Kheradmand et al., 2023; Shayesteh et al., 2021, 2016).

Huge quantities of industrial by-products can be generated as solid
wastes that accompanied the production of useful materials required
for supporting the living development adopted by human. In this direc-
tion, iron slag is regarded as a solid waste byproduct resulted from
manufacturing operations that occur in the iron and steel factories.
According to earlier researches, almost 50 million tons of this slag
are produced globally year. These substantial amounts can build up
across huge tracts of land, rendering them unsuitable for agricultural
use (Proctor et al., 2000; Tsakiridis et al., 2008). In addition, gypsum
is the calcium sulfate dihydrate that must be calcined to produce stucco
(i.e. calcium sulfates half hydrate). The calcination of one ton from
gypsum leads to 0.85 ton of stucco and the remaining represents the
particulate matters (known as plaster kiln dust, PKD) emitted as
byproduct from gypsum plants. Millions tons of gypsum are produced
in each year worldwide and; accordingly, one can forcast the dust qun-
tity released into the ecosystem (Zwayen and Alhussainy, 2020).

This work concentrates on the preparation of novel sorbent from
iron slag and plaster kiln dust to decrease the negative impacts of such
solid wastes on the ecosystem and this represents a real application of
sustainable concepts. The research idea requires to extract the calcium
ions from PKD which mixed with aluminum ions from alum in the
presence of certain surfactant to produce (Ca/Al-CTAB) LDH nano-
sized particles. These particles must be immobilized on the slag sur-
faces to prepare “‘iron-slag coated with (Ca/Al-CTAB)-LDH”. Hence,
the specific aims are included: i) development an innovative sorbent
from combination of LDH and slag for treating of water contaminated
with cadmium ions; ii) investigation the physiochemical characteristics
of synthesized sorbent by ‘“X-ray diffraction patterns (XRD)”,
“Brunauer—Emmett-Teller analysis (BET)”, ““field-emission scanning
electron microscopy (FESEM)”, “energy dispersive X-ray spec-
troscopy (FEEDX)”, and “Fourier transform infrared spectra
(FTIR)” to find the predominant mechanisms for removal process;
iii) identification of suitable operation conditions for wastewater-
coated slag interaction.

2. Experimental work

2.1. Materials

The PKD utilized in this work was collected from a plaster fac-
tory in the Kerbala Governorate-Iraq. To synthesize nanopar-
ticles of (Ca/Al-CTAB)-LDH, calcium ions were extracted
from PKD and added to the aluminum ions prepared by dis-
solving alum in distilled water (DW). The PKD is heteroge-
neous matter because it includes particles of various sizes;
therefore, sieving is necessary to select particle between 0.6
and 1 mm (Colangelo and Cioffi, 2013). The Al»(SO4)3-14H,O
is chemical form for “Alum” used to prepare the solution rich
with Al ions. The organic cationic surfactant named CTAB is
obtained from Sigma Aldrich Chemise-Germany in the form
of powder. The intercalation of CTAB can play a remarkable
role in the expansion of interlayers for LDH, causing an obvi-
ous increase in the area of surface for coated slag.

Iron and steel factory in Babylon governorate, Iraq was the
source for collecting the slag byproduct. To get rid of the fine
powder, slag must be cleaned with DW; then, it must dry at
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105 °C for 24 h. The characteristics of slag have specified at the
Material Research Laboratories - Ministry of Science and
Technology; Petroleum Development and Research Centre-
Ministry of Oil; and Iraqi Geological Survey. The particles uti-
lized in this study have sizes ranging from 0.6 to 1 mm; there-
fore, a geometric size of 0.775 mm. For iron, the bulk density,
hydraulic conductivity, porosity, pH, ash content, and BET
surface area have values of 2.026 g/em®, 2.69 x 107 m/s,
0.41, 8, 10% and 0.2571 m?/g respectively.

In this investigation, cadmium (Cd) were selected to repre-
sent heavy metal. Stock solution (1000 mg/L) was prepared
and must keep at room temperature to use it in the batch tests.
The acidity of prepared solution can change by adding 1 M
NaOH or HCI as needed to prevent cadmium ions from
precipitating.

2.2. Choice of the material

The main goal for present research is the extraction of calcium
from PKD byproduct rather than releasing it into the environ-
ment. In order to produce nanoparticles of LDH that are
planted on the surfaces of the slag by co-precipitation and
given the name “iron-slag coated with (Ca/Al-CTAB)-
LDH”, the CTAB surfactant is mixed with calcium and alu-
minum ions. This composite sorbent’s capacity in the Cd*?
ions capturing from aqueous environment is primary guide
for determining the optimal CTAB, Ca/Al ratio, solution
pH, and iron slag dosage for its production. The following

points and block diagram in Fig. 1 provide an explanation

of the preparation approach:

1. One gram of PKD was mixed with one hundred millili-
ters of DW that contained 1.5 mL of 10% (v/v) HCI. Fil-
tration with filter papers can separate the solid (filter
cake) from this solution, which is rich in Ca™?ions, after
three hours of agitation at 250 rpm at room
temperature.

. To make an aluminum solution with varying molar con-
centrations, specific weight of alum must be dissolved in
distilled water.

. For the final solution to have different molar ratios of
Ca/Al like 1, 2, and 3, the calcium solution that was
obtained in step 1 must be mixed with the aluminum
solution that was prepared in step 2.

. 50 mL of the solution that had been prepared in step 3
contained two doses of CTAB, specifically 0.035 and
0.05 g. After that, either 0.5, 1 or 1.5 g of iron slag-
based immobilized solid matrix were added to this
solution.

. In order to produce iron slag coated with nanoparticles
of Ca + Al + CTAB, flasks must agitate at 250 rpm for
three hours, and the solution was ultra-sonicated for
10 min to ensure the smoothing and dispersal of the
nanoparticles. Hydroxide of sodium (1 M) can be used
to raise the pH of the solution in step (4) to a variety
of values, including 9, 10, and 11.

Plaster Kiln Dust (PKD)

HCL

Stirring

|

| Filtering

(Ca*?) extracted solution

Filter cake (AL) preparer from Alum

(Ca/Al-CTAB) molar
ratios (1,2 and 3)

-—G— CTAB
\}

' Iron slag |L

[ Add NaOH (pH=10)

Mixing

!

(Ca/Al-CTAB) layered double

hydroxides coated iron slug

Fig. 1

Flowchart for manufacturing approach to prepare iron-slag coated with (Ca/Al-CTAB) LDH Nano particles.
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6. Centrifugation was used to separate the coated iron slag
from the solution. In order to use this slag in the subse-
quent batch sorption tests, it must be air dried for 24 h
at 60 °C; consequently, the capability of coated slag to
clean up cadmium-contaminated water should be
specified.

7. The following analyses revealed the characteristics of the
materials used to prepare coated slag:

a) FESEM was achieved by “SEM, Quanta200 [FEI,
USA], NovaNanosem230 [FEI, USA] analysis under
10 KV voltage and a 6-mA flux”.

b) FT-IR analysis was done using “Bruker Tensor 27 spec-
trophotometer with KBr pellet technique”.

¢) The BET analysis determines the area of specific sur-
faces using a surface area analyzer based on “nitrogen
adsorption at 77 K, using an automatic Micrometrics
670-IR; 620-IR Imaging Model [Agilent, USA], Nano
ZS [Malvern, UK]”.

d) XRD analysis is used to find the components of used
materials “D/MAX 2500 V/PC [Rigaku, Japan], D8
device”.

2.3. Batch tests

Batch tests determine the equilibrium-kinetic data for the con-
tact of cadmium ions with manufactured sorbents. To deter-
mine the optimal conditions for operation, like agitation
time, initial pH, sorbent dosage, and speed of agitation, for
a particular initial concentration (C,) that is required to max-
imize removal efficiency for the target metal through sorption
measurements. Flasks of 250 mL are supplied for batch tests,
50 mL volume (V) of polluted water with C, 50 mg/L must
be added to each flask, various dosages of coated slag were
inserted, and the flasks must agitate for three hours at
250 rpm. After that, the solutions of flasks have filtered to iso-
late solids from water.

An “Atomic absorption spectrophotometer, AAS” can
measure the metal residual concentration (C,) in filtered solu-
tion. The sorbent’s sorbed quantity can be calculated using the
mass balance principle. The sorption study was applied at pH
levels changing from 3 to 7, C, varying from 50 to 300 mg/L,
and sorbent dosage () ranging from 0.01 to 1 g/50 mL, with a
contact time of 3 h. Each point in the sorption plots for batch
tests under the influences of different operational conditions
represents the average of 3 readings and statistical analysis sig-
nified that the percentage of error for these readings at any
point is very low (less than one percent). Contaminant captur-
ing onto the slag (¢g.) can calculate for optimal conditions as
follows (Wang and Wang, 2008):

q(»:(co_ce)g (1)

Model for sorption data is graphed among ¢, and C.; how-

ever, the following equation can be used to calculate the
removal efficiency (R):

(Co — Ce)

R=
CO

% 100 (2)

3. Formulation of sorption outcomes

3.1. Adsorption isotherms

The mathematical basis for adsorption is an isotherm models
that express the distribution of contaminant concentrations
between solid particles and liquid phase at status of equilib-
rium for a specific temperature (Zheng et al., 2009). Two equi-
librium relationships are applied as explained underneath
(Nava-Andrade et al., 2021):

1) Freundlich’s model: is the first non-linear expression for
the sorption modeling, and its formula is as follows:

9. = K" 3)

where K;is indictor to adsorption capacity and # is sorption
intensity.

2) Langmuir model: is also non-linear expression for the
sorption modeling that bears Irving Langmuir’s name
and published in 1916 with following formula:

_ qm b C(‘

= T+ac, @

where ¢, is highest capacity of sorption and b is affinity
between contaminant and sorbent. It specifically explains sorp-
tion data for uniform adsorption energies on sorbent surfaces.
Additionally, this model can account for the case where chem-
ical species that have been adsorbed on nearby sites do not
interact.

3.2. Adsorption kinetics

It is necessary to specify residence duration in the sorption sys-
tem, design suitable sorption process, and comprehend the
controlling sorption mechanisms; thus, kinetic study is
required to determine the contaminant’s uptake rate (Qiu
et al., 2009). Two kinetic expressions have been applied to
the current sorption measurements:

1) Pseudo first order kinetic model: It describes in Eq. (5)
(Dinari and Neamati, 2020):

g, =q,(1— ™) (5)

where ¢, is the adsorbed contaminant at time ¢ (mg/g), ¢. is
adsorbed contaminant at equilibrium (mg/g), and k; is the rate
constant of this model (min™").

2) Pseudo second order kinetic model: It works for a mono-
layer of chemical onto sorbent grain without reaction
between chemical species. This model’s non-linear form
is as follows:
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t

q: = m (6)

1

where k, is the rate constant (g.mg~' min™").

4. Results and discussion

4.1. Characterization analyses

The results of the FT-IR analysis for wavenumbers ranging
from 400 to 4000 cm ™' (Fig. 2) was used to identify the work-
ing functional groups for PKD, coated iron slag, coated iron
slag loaded with Cd™"? ions, and virgin iron slag. According
to the spectra, the OH group is represented by a broad and
strong peak at wavenumber 3442.3 cm™' (Faisal and Naji,
2019). The C—C group vibration can be linked to peak values
of 554.4, 675.93, 704.9, 811.8, and 894.7 cm ! that were found.
C—O group vibration can be used to identify the peak values
of 1149.4, 1260.25, 1265.07, 1290.14, and 1308.5 cm™' that
were identified (Le-ping et al., 2010). At 1560.13 cm ™', an ole-
finic C—C stretching band can be seen, and its conjugation
with a C=0 or C=C bond can cause a clear shift to lower
wavenumbers. As a result, the principal functional groups
found in the current materials are O—H, C—C, C—O0,
C—C, and C—O. Appearance of peaks at 2345.16 and
2358.5 cm~!' demonstrated to the existing of C-N vibration
in tertiary amines. This means that the grains of coated slag
are maintained on their structure through the interaction with
solution contained the target metal (Khitous et al., 2016).
Some peaks have observable shifts in the wavenumbers, refer-
ring that there is strong affinity by target metal and available
functional groups (Shah et al., 2021). In addition, the bands
intensities for complexes of metal-hydroxide can be signifi-
cantly varied. This proposes that the ion exchange may be

the prime process enhanced the elimination of cadmium from
the water. According to the FT-IR spectrum of a reactive
material’s chemistry, hydrogen bonding and electrostatic inter-
action can also support this elimination (Khitous et al., 2016).

The results of “X-ray diffraction (XRD) analysis” is very
essential for specifying and identifying the mineralogical com-
position of materials used in the preparation of present sor-
bent. In Fig. 3a, the PKD, virgin iron-slag, and Fig. 3b, a
coated iron-slag XRD patterns were displayed. In order to cre-
ate a plot relating the intensity of the diffracted beam to (20),
the material sample in this test is subjected to a collimated
beam of parallel X-rays and diffracted beams of varying inten-
sities. With Cu K radiation and an X-ray diffractometer
(40 mA, 40 kV), the records with 20 ranged from 5° to 80°.
Based on International Centre for Diffraction Data, ICDD
databases, the XRD pattern of PKD had peaks that corre-
spond to many compounds like gypsum, montmorillonite, cal-
cium sulfate, iron oxide, and quartz. Also, Fig. 3a certifies the
presence of many metal oxides in the composition of iron slag
like manganese, aluminum, calcium, iron, and silica.
Depended on the “Joint Committee on Powder Diffraction
Standards, JCPDSs”, the XRD analysis for coated slag proved
the appearance of several reflections at intensities of 11.31,
22.69, 25.50, 31.74, 38.87, 40.98, 45.47, 52.54, and 57.32 which
identical to the nanoparticles of Ca + Al + CTAB precipi-
tated on the slag surfaces. These reflections represent new sites
formed on surface of iron-slag as a result of the conversion of
inert iron-slag to reactive material. As a result, new sites will be
in charge of removing Cd contaminants from aqueous solu-
tions. Because of the development of diffraction peaks
hydrotalcite-like compounds could occur (Guo et al., 2012),
and this proves the success of nanoparticles plantation (Ca/
Al-CTAB) LDH.

% Transmittance

(Ca/Al-CTAB-LDH) coated Iron-slag
coated iron-slag loaded with Cd

PKD

Iron-slag

— T T T T
400 800 1200 1600 2000

T T T [
2400 2800 3200 3600 4000

Wavenumber (cm™)

Fig. 2 FT-IR spectra for plaster dust, iron-slag, coated slag, and coated slag loaded with cadmium ions.
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Specific surface area and pore size of the produced sorbent
have a considerable effect on its adsorption ability. As a result,
these features were assessed by performing BET tests on iron-
slag before and after coating. Fig. 4 depicts N, adsorption iso-
therms for PKD, iron-slag, and (Ca/Al - CTAB- LDH) coated
with iron-slag samples. Adsorption-desorption isotherm curves
of Nitrogen gas to these sorbents correspond for type IV for
(p/po) values ranging from 0.0 to 1. Microspore volume, total
pore volume (p/po = 0.990), and average pore diameter are

(a) XRD profile for plaster dust, virgin iron-slag and (b) slag after coating with nanoparticles of layered double hydroxide.

equal to 0.112, 0.002, and 15.507 for pristine slag; however,
these characteristics have increased for coated slag to be
2.346 cm?/g, 0.057 cm?/g, and 22.525 nm respectively.
FESEM plots are described the morphology of PKD as
shown in Fig. 5a with BET (7.336 m?/g), virgin iron-slag
Fig. 5b, (Ca/Al - CTAB- LDH) coated with iron-slag
Fig. 5c, and enhanced adsorption of Cd contaminated on
coated iron-slag Fig. 5d. The porous surface of iron-slag has
a nonhomogeneous morphology; yet, the surface structure
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Fig. 4 N, adsorption—desorption isotherms for (a) PKD, (b)
virgin iron-slag, (c) (Ca/Al - CTAB- LDH) coated with iron-slag.

seems to be very compact and chaotic. Surface roughness and
iron-slag fissures were clearly visible. Fig. 5b depicts the cre-
ation of layers with asymmetric orientations and sizes
(Amaniampong et al., 2018). Adsorbent efficiency can be
improved by increasing the surface area that is subject to inter-
action with contaminant. In comparison with sorbent before
interaction with contaminant, sorbent morphology was clearly
changed Fig. 5d as a result to binding of contaminant mole-

cules with sorbent after sorption process. This observation is
in-line with change in surface area determined from BET test
as explained previously.

EDX yields elemental composition graphs for PKD, virgin
iron-slag, and composite sorbent before and after to sorption
process, as clear from Fig. 6. The primary components in rep-
resentative iron-slag grains are Ti, O, Si, Fe, k, Al, C, Ca, Mg,
Na, and Mn. Iron content was (7%), this is consistent with
previous studies (Faisal et al., 2022a, 2022b, 2022c). Tables
in Fig. 6 show that the percentages of Ca in coated iron-slag
increased considerably from 3.5 to 18.0%, whereas the per-
centages of Al were 17.7%. This increase demonstrates the suc-
cess of the plantation’s layered double hydroxides. As seen in
Fig. 6d, a cloud of cadmium form on iron-slag particles loaded
with cadmium with about 7.4%.

4.2. Sorbent manufacturing

To synthesize of coated slag, the influences of CTAB mass,
pH, Ca/Al molar ratio, and iron-slag dosage on the prepared
sorbent were tested. The highest sorption efficiency of cad-
mium was the indictor adopted to determine the suitable val-
ues of these conditions. Three CTAB masses (0, 0.035, and
0.05 g) were used with Ca/Al molar ratio 2, iron-slag dosage
of 1 g/50 mL, pH = 10, C, = 50 mg/L, and time 3 h at
250 rpm. Fig. 7a depicts changes in cadmium removal versus
CTAB mass. However, without the addition of CTAB surfac-
tant, modification of iron-slag surfaces by precipitation of (Ca/
Al)-LDH nanoparticles can boost the removals 80% Cd. The
CTAB at 0.035 g may boost cadmium removals to the greatest
value of 98.3%. This increase could be attributed to the
increase of spacing for the Ca/Al layer in the existence of
CTAB, that improves the adsorptive properties of the synthe-
sized sorbent (Mierczynska-Vasilev and Smith, 2016). This fig-
ure also shows that increasing the CTAB dose over 0.035 g
may result in a significant reduction in pollutants removal
because of the formation of electrostatic disharmony forces
among cations existing within sorbent and contaminant.

To find influence of solution pH on efficacy of prepared
sorbent, preparation tests are conducted with three values of
pH specifically 9, 10, and 11, at (Ca/Al) molar ratio 2 and slag
dosage 1 g/ 50 mL, C, = 50 mg/L, and t = 3 h for 250 rpm.
Fig. 7b depicts the relationship between cadmium removals
and the pH utilized in the synthesis method. The maximum
capabilities were identified at an initial pH of 10 with values
equal to 98.3% for Cd. Increase or decrease in pH from 10
could result in a significant drop in this ability as no all
nanoparticle would be bonded to the iron-slag surface or
enhancing nanoparticle diameter; thus, the optimal coating
process could be obtained at pH 10.

Three (Ca/Al) molar ratios, 1, 2, and 3, were used for pH at
10 and slag dosage of 1 g/50 mL. Fig. 7c shows that highest
removals (98.3% cadmium) happened at (Ca/Al-CTAB) molar
ratio equal to 2 because of the high interactions between pol-
lutant and surface area for sorption tests at the same condi-
tions indicated in stages. An increment or reduction in molar
ratio from 2 is linked to a drop in pollutant removal. The insta-
bility of LDH’s layered hydrotalcite-like composition or vari-
ations in radius difference between Calcium and Aluminum
could be main causes of this drop (Xu and Zeng, 2001).
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Fig. 5 FESEM images for (a) PKD, (b) virgin iron-slag, (c) (Ca/Al - CTAB- LDH) coated with iron-slag, (d) coated iron-slag loaded

with Cd 2.

Impact of iron-slag dosage (adjusted from 0.5 to
1.5 g/50 mL) on sorbent manufacture using the same prepara-
tion circumstances steps CTAB dosage should be set at
0.035 g, pH at 10, and Ca/Al molar ratio at 2. Fig. 7d depicts
the amounts of removal percentage owing to changes in sludge
doses for sorption experiments performed. It appears that 1 g
of iron-slag each 50 mL of solution used to produce iron slag -
(Ca/AI-CTAB)-LDH can extract the largest amount of cad-
mium with efficiency of 98.3%. A decrement in iron-slag quan-
tity from g is linked to a significant decrease in removal
percent’s, which may be attributed to the fact that several
(Ca/Al-CTAB) nanoparticles aren’t given the possibility to
attach to the surfaces of iron-slag and will thus be removed
during the washing process. This figure also shows that
removal of pollutants has been reduced for iron-slag dosages
greater than 1 g due to an increase in surface area for the iden-
tical amount of Nano-particles as compared to the best one.

4.3. Operation parameters in batch testing program

To guarantee that equilibrium concentration are achieved in
batch experiments, contact time must have kept at an accept-
able value. Fig. 8a depicts the variation in the relation between
percentage removal and contact time when 0.5 g of iron-slag-
(Ca/Al-CTAB)-LDH was mixed with 50 mL of polluted solu-
tion at room temperature, C, 50 mg/L, initial pH 7, and agita-
tion speed of 250 rpm. This figure clearly shows that the
adsorption rate was really quite quick at first and increased

as the contact time till it reached equilibrium, indicating a
gradual blinding of sorption sites on the adsorbent surface.
Within one hour, 99.3% of the cadmium was eliminated.
While residual concentrations of these chemical species were
kept mostly constant after 2 h of contact time with minor fluc-
tuations up to 3 h. The existence of a sufficient number of reac-
tive binding sites on the sorbent surface may explain the high
rate of adsorption. As a result, the contact time of one hour
can be used for subsequent sorption experiments because it
was found to be sufficient to reach equilibrium.

The role of sorbent mass in the elimination of cadmium in
the range (0.01-1 g) added to 50 mL at 250 rpm for C, 50 mg/L
was investigated following the specifying of the optimal con-
tact time values. The findings (Fig. 8b) indicated that the
0.01 g of prepared sorbent can merely remove 44% target
metal; However, the sorption efficiency of this metal can be
significantly improved to 99.3 percent by increasing sorbent
mass to 0.5 g. This is logic behavior because the increasing
of sorbent mass means the increase of the vacant sites for cap-
turing of contaminant (Amarasinghe and Williams, 2007).
Because the cadmium concentrations distributed between the
sorbent and the aqueous solution remain constant even with
further mass addition, the results demonstrated that an
increase in the quantity of sorbent above 0.5 g will not have
any effect on the Cd removal percentages (Unuabonah et al.,
2008).

The pH value impacts the surface structure of sorbents, the
production of metal hydroxides, and the interaction between
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Fig. 6 EDX images for (a) PKD, (b) virgin iron-slag, (c) (Ca/Al-CTAB) LDH coated with iron-slag, (d) coated iron-slag loaded with Cd.
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Fig. 7

a) For synthesis (Ca/Al ratio=2, slag=1 g/50 mL, pH=10); For batch (dosage= 0.5 g/50 mL,
C,=50 mg/L, pH=7, 250 rpm)
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Fig. 8 Effect of a) contact time, b) iron-slag-(Ca/Al-CTAB)-LDH dosage, ¢) pH d) initial concentration ¢) agitation speed on the

cadmium ions removal from aqueous solution.

sorbents and metal ions. This is because the protonation and
deprotonation of the acidic and basic groups of the adsorbents
changes their sorption behavior for metal ions. Consequently,
the pH reliance of sorption for metal particles was researched.
The sorption of cadmium on iron-slag-(Ca/Al-CTAB)-LDH in
the initial pH range 3-7 for a dose of 0.5 g/50 mL at a constant
initial ionic concentration of 50 mg/L and shaking speed of
250 rpm (Fig. 8c). This figure shows that the sorption behavior
of metal ions is more sensitive to pH changes.

It is necessary to modify the natural materials with
nanoparticles to obtain higher adsorption capacity. The CTAB
as cationic surfactant was added to increase anionic retention,
hydrophobicity and cation exchange capacity, and following
that increase the electrostatic forces between sorbent and

Cd 2. The next tests were implemented at pH 7 to avoid the
cadmium precipitation. It is clear that the rising pH values
inside the trial scope of (3—7) maintain the increasing of cad-
mium removal due to a reduce in the liberation of hydrogen
ions in the aqueous solution. Up to a pH of 7, cadmium sorp-
tion has been observed to generally increase with increasing
solution pH. The solution does not contain any hydroxo com-
plexes with a pH below 7; There are only dissociated Cd(II)
ions that form aqua ions. Thus, the higher removal of the
metal as the pH increments can be made sense of based on a
reduction in competitive among proton and metal species for
the surface sites, and by reducing in positive surface charge.
It is anticipated that the removal efficiency would decrease
as pH values rise further. This could be because negative cad-
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Fig. 8 (continued)

mium hydroxides, such as Cd(OH),, are formed and precipi-
tated from the solution, rendering true sorption studies impos-
sible. Additionally, a surplus of protons can effectively
compete with the Cd(II) ions for binding sites on the iron-
slag surface at low pH values. The reduction in removal effi-
ciency has been attributed to the surface binding of low-
affinity surface sites as high-affinity ones begin to reach satura-
tion. These cation adsorption reactions contribute in releasing
hydrogen ions on the surface causing the formation of two
types of complex combinations: An outer sphere complex in
which the cation binds with anionic sorbent without displacing
a water molecule. While in the case of inner sphere complex,
the cation binds closely to the anionic adsorbent and displace
a water molecule. At a higher concentration of cadmium ions,
some molecules of cadmium hydroxide remain insoluble. In
the cadmium solution/hydroxyapatite system, cationic
exchange process occurs between cadmium and calcium due
to the sparingly soluble nature of the hydroxyapatite. The
adsorption of cadmium onto sorbent surface of the hydroxya-
patite undergoes through various adsorption processes includ-
ing surface complexation, ion exchange, co-precipitation, and
recrystallization (Smiciklas et al., 2000).

The effect of initial cadmium concentration on sorption
efficiency of these contaminants onto iron-slag-(Ca/Al-
CTAB)-LDH is shown in Fig. 8d. These experiments were con-
ducted using C, ranging from 50 to 300 mg/L and shaken for
1 h at 250 rpm. The cadmium removal decreased from 99.3%
to 50% with the increase of C,. This means that the amount of
metal ions sorbed per unit mass of sorbent decreased with the

increase in initial concentration. This indicates that less favor-
able sites became involved in the process as concentration
increased, indicating that the iron-slag samples’ active sites
for interaction with contaminant have reached saturation
(Qadeer and Rehan, 2002).

The effect of agitation speed on the Cd removal efficiency
was studied in the range (50-250) rpm and maintaining
remaining conditions equal to best ones specified from men-
tioned steps. Fig. 8d shows that the Cd uptake increases with
the increase in shaking rate. There was gradual increase in
metal ions uptake with increase of agitation speed until reach-
ing 250 rpm. The speed can improve the metal diffusion
towards the coated slag surface. Thus, suitable contact can
generate between Cd ions and sites on the sorbent, which
can facilitate the transfer of ions to the sorbent. Therefore,
higher Cd uptake could be occurred at this speed as it will
assure that all sites are readily available for uptake of metal
ions.

4.4. Sorption isotherms

The transport equation’s reaction term must be described
using isotherms in order to determine how the reaction will
affect the spread of contaminants in a packed bed. The sorp-
tion measurements for Cd ™2 onto coated slag are fitted with
Freundlich and Langmuir models in nonlinear forms using
“Solver” option. The results of fitting process listed in Table 1
are represented the constants of isotherm models. The table
proves that the Langmuir expression is more representative
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Table 1 Values of constants for equilibrium sorption models
after fitting with measurements of Cd*? ions sorption onto

Table 2 Sorption capacity for cadmium ions onto coated slag
in comparison with capacities of other sorbents from previous

coated iron-slag. literatures.
Model Parameter Value Sorbent qm (mg/ Reference
Freundlich K, (mg/g)(L/mg)"" 2.51 g
n 2.49 Moroccan stevensite 22.37  (Benhammou et al.,
R? 0.97 2005)
Langmuir qm (mg/g) 14.50 Impregnated styrofoam 29.11 (Memon et al.,
b (L/mg) 0.48 2006)
R? 0.99 Biopolymer-coated 35.52  (Vila et al., 2011)
hydroxyapatite foams
Flour-hydroxyapatite composites 193.84  (Zhu et al., 2017)
Mg-Fe-LDH-RHA 2890 (Yuetal., 2018)
. . . . . KB/LDH 25.60 Tan et al., 2019
for §0rpt10211 outputs in comparison with Freundlich model Filt/er el agtizel oy 3472 E/\hmcd etal. 2320)
specially R = 0.99; however, the concurrence between model hydroxyapatite
curve and measurements can illustrate in Fig. 9. Isotherm Iron-slag coated with (Ca/Al- 14.50  Present study
models are very important for description of reaction term in CTAB) LDH

the solute transport equation through the packed beds like
migration of contaminant in the subsurface environment.

Based on the separation factor (Sf = 1/(1 + bC,)) calcu-
lated with aid of Langmuir model, the curves of sorption are
identified as “favorable” because the values of Sf ranged from
0 to 1 (Rai et al., 2016). Table 2 confirm that the measured
maximum adsorption capacities are consistent with values
listed in previous literatures for various materials. Thus, the
coated iron-slag prepared from industrial products can use
as alternative for several industrial sorbents. The Freundlich
parameter (Ky) was equal to 2.51 (mg/g) (L/mg)”n onto pre-
pared sorbent while the value of constant (n) > 1 which means
“favorable” adsorption of contaminant onto the coated iron-
slag.

4.5. Sorption kinetics

Sorption kinetics provides rate of cadmium uptake onto sor-
bent particles and, consequently, affects equilibrium time.
Kinetic modelling of sorption process can be used to determine
uptake mechanism that governs transport of contaminants
from aqueous solution to sorbent material. In this modeling,

16 A

sorption process is dependent on reactions occurring on sur-
face of sorbent. Most frequently considered kinetic models
for sorption include pseudo-first-order and pseudo-second-
order kinetic expressions. Prediction of rate sorption of dis-
solved pollutants from liquid phase is very important in design
of appropriate treatment processes (Qiu et al., 2009).

Fig. 10 illustrates kinetic models that fit experimental data
of cadmium sorption onto surface of (Ca/Al-CTAB) LDH
nanoparticles. Table 3 shows constants for these models as
obtained via a fitting process in Excel 2016 using the nonlinear
regression-solver option. For the largest value of R?, and clos-
est match of ¢, to test data, the pseudo second-order model is
shown to be the most acceptable strategy for de scribing kinet-
ics involved in sorption process to investigated pollutants. This
means that chemisorption is primary mechanism, with valence
force acting as a rate-determining step in sorption process by
spreading or exchanging electrons between active sites of sor-
bent and sorbate (Komy et al., 2014). Models of kinetics alone
would be insufficient for describing mechanisms involved in

—
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O Experiment
0 + T T T

Langmuir model - - - - Freundlich model

0 20 40 60

T T

100 120

80 140 160
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Fig. 9 Sorption isotherms for cadmium — coated slag interaction in comparison with measurements.
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Fig. 10 Formulation of kinetic measurements for sorption of Cd*? jons onto the coated iron-slag.

Table 3 Values of constants for kinetic sorption models after
fitting with measurements of Cd " ions sorption onto coated

sorption processes, necessitating the use of the diffusion of
intra-particles model developed by (Weber and Morris,
1962). This model’s empirical formula connects adsorbed

o ks amount with /°° value rather than t, as follows:
Model Parameter Value
g, = kint"* +C (7)

Pseudo-first-order qe 4.78
k; 0.28 where k;,, symbolizes rate constant for sorption in this model
R? 0.98 (mg/g min®?), and C is intercept value refers to thickness of
SSE 12.57 boundary layer.

Pseudo-second-order 9e 5.01 Intra-particle diffusion model, straight line relationship
Ilié g;; between ¢, values versus 3 for tested metal is plotted in
SSE 12:29 Fig. 10. The s.traight-lir}e plots QO noF pass thropgh origip,

Ttieaetals dhislon Portion 1 clearly §uggest1ng that 1ntra-partlcl§ dlfqulOIl. is involved in
King (mg/g min®®) 0.2753 adsorption process but rate-controlling step will not be repre-
C 3.2061 sented. Furthermore, plots in this figure show multi-linearity,
R? 0.9615 indicating a regulated process of cadmium adsorption via
Portion 2 two or more simultaneous processes. Accordingly, adsorption
kint (mg/g min®?) 0.0337 mainly occurs by surface complexation and ion exchange, and
EZ gzggz follows both pseudo second-order and intra-particle diffusion

kinetic models (Cheung et al., 2007; Elkady et al., 2011).
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4.6. Recyclability

To evaluate the possibility of reuse exhausted iron-slag coated
with (Ca/Al-CTAB)-LDH for removal Cd, set of experimental
tests were conducted. These tests depend on implementation of
the adsorption and de-sorption cycles. The regeneration pro-
cess is based on desorb of contaminant from exhausted sorbent
by utilizing 0.5 M HCL. Fig. 11 shows that the removal per-
centages of Cd as function for number of recycle times which
reflect regeneration efficiency of iron-slag coated with (Ca/Al-
CTAB)-LDH. It is obvious that efficiencies were reduced with
numbers of recycles and more than 90% can remove until 6
cycles. Findings indicated that prepared sorbent had a suitable
reusability; and has high reliability and can be applied effec-
tively in the restoration of water contained Cd contaminates
especially in field practical.

4.7. Treatment of groundwater

To make this study more accurate and reliable, water samples
were taken from a well in the Babylon Governorate-Iraq at the
coordinates 33.439, 44.623 in order to evaluate iron-slag
coated with (Ca/Al-CTAB) LDH ability to clean up real
groundwater that had been contaminated with cadmium.
The characteristics of this water have measured which included
pH, electrical conductivity (EC), Turbidity, total dissolved
solid (TDS), total suspended solids (TSS), hardness, sulfate
(SOP), calcium (Ca*?), magnesium (Mg*?), and Chloride
(CI™"). The values of these characteristics are 7.3, 2.37 mS/
cm, 21.98 NTU, 2120 mg/L, 953.4 mg/L,760 mg/L, 692 mg/
L, 280.6 mg/L, 13.5 mg/L, and 525 mg/L respectively. The
conditions of these experiments are the same ones achieved
the highest removal percent that obtained from batch tests (ini-
tial concentration 50 mg/L, mass 0.5 g/50 mL, 250 rpm,
t = 1 h, pH 7). The removal percentage of cadmium ions onto
coated slag was dropped to 81.5% for real groundwater in
comparison with 99.3% for DW. This finding is logical
because of the competition between the chemicals presented

100 1

80

60 -

Removal (%)

20 -

in the actual groundwater which can cause the mentioned
reduction in the removal percentage.

5. Conclusions and future directions

In the presence of CTAB surfactant, the successful green pro-
duction of (Ca/Al) nanoparticles by combining the aluminum
produced by the dissolution of alum with calcium extracted
from plaster kiln dust byproduct was made possible. The par-
ticles are immobilized on the iron-slag solid matrix to obtain
innovative sorbent identified as ‘““iron-slag coated with (Ca/
Al-CTAB) LDH” to satisfy the objective of this work that
can contribute in the applications of sustainable development.
The preparation of such sorbent requires the best conditions
CTAB mass 0.035 g/50 mL, iron-slag dosage 1 g/50 mL, and
(Ca/Al) molar ratio 2 at pH 10 to remove highest value of cad-
mium ions. Coated sludge and cadmium-containing water
interact best under initial pH 7, a sorbent dosage of
0.5 g/50 mL, and a speed of 250 rpm for one hour and C,
50 mg/L to ensure greater than 99 percent removal efficiency.
The outcomes of sorption process were well fitted with Lang-
muir isotherm to be the highest value of sorption capacity of
14.50 mg/g. Kinetic outputs signified that the model of
pseudo-second-order can describe in precise manner the sorp-
tion measurements and the removal of cadmium occurred by
“chemisorption” process. Examinations of materials before
and after coating have demonstrated that the covering of slag
was accurately accomplished because of increment the Ca™?
and Al rates as well as the alteration of iron-slag can con-
nect with critical expansion in the surface region from 0.49
to 10.21 m?/g. According to the FT-IR spectrum, electrostatic
attraction and hydrogen bonding are controlling the sorption
of Cd™? onto prepared sorbent. Also, the exhausted slag can
reuse and its efficiency was greater than 83% after 9 cycles
of regeneration. The main recommendation for future studies
is used the coated slag in the in situ permeable reactive barrier
technology to treat the real groundwater in the field operation
mode.

1 2 3 4

5 6 7 8 9

@Cd| 99.3 99.1 97.7 95.2

92.5 90.4 88.1 85.4 83.7

Number of recycles

Fig. 11

Removals of Cd from contaminated groundwater onto iron-slag coated with (Ca/Al-CTAB) LDH versus the regeneration cycle.
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