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Abstract. This study was steered to convert waste acid ensued from the pickling process in steel
industries to an esteemed nanocomposite for the elimination of heavy metals (HMs) from wastewater.
Magnetic nanoparticles (FesOas) preparation from waste was performed by the co-precipitation method.
These magnetic nanoparticles are modified by carboxymethyl-s-cyclodextrin polymer (CM-4-CD)
through copolymerization reactions. The data obtained from FTIR, XRD, and TEM point up that CM-4-
CD is entrenched onto Fe3O4 nanoparticles. The generated CM-4-CD / FezO4 was employed for HMs
deportation from contaminated water and the adsorption results revealed that CM-5-CD/ Fe3O4
sorption efficiency was in the order of Pb(Il) > Cd(Il) > Cr(VI). The highest adsorption capacity was
64.2 (mg/g) for Pb(ll). The kinetic study revealed that the HMs sorption by CM-$-CD/ Fe304 follows
the pseudo-second-order model. The equilibrium modeling study proved that the Langmuir isotherm
model was more fitting. The coexisting ions do not significantly alter the percentage removal of the
measured metal ions. The efficiency of the synthesized polymer is particularly high in the tested field
samples. Thus, CM-5-CD/ Fez04 has an extremely high adsorption capability in the field application as
well as excellent reusability results, which will reduce the cost for the CM-4-CD / FezO4 as an adsorbent
for wastewater treatment.

Keywords: Magnetic nanoparticles; Nanocomposite; Steel industry waste; Recycling; Heavy metals;
Carboxymethyl-f-cyclodextrin

1.Introduction

The fate and toxicity of chemicals in wastewater treatment plants are of great concern due to their
direct and hazardous consequences on the environment and human safety [1].

Wastewater treatment is essential for industrial activities. The discharged wastewater from steel
production processes like hot and cold rolling and hot-dip plating contain toxic HMs such as Pb(ll),
Cd(I1), Ni(l), and Cr(\V1) ions [2]. These ions have bad effects if they were used in crop irrigation, due
to accumulation inside these crops. If it transfers to human livers, it will cause serious chronic diseases
[3]. Benjamin A. Rybicki M.H.S. et al. [4] suggested a geographic association between Parkinson's
disorder transience and the developed usage of HMs. José M. Matés et al. [5] explored various studies
done on HMs effect on health. They declared that cadmium alters gene expression and signal
transduction and diminishes activities of proteins implicated in antioxidant defense, prying with DNA
repair and changing cancer progress and brain function. Cobalt aggravates the production of reactive
oxygen species and DNA damage in cancer cells and brain tissue, changing propagation and
differentiation and causing apoptosis. Copper plays a major role in cell division processes in both normal
and tumor cells. Moreover, copper has a significant role in neurodegenerative diseases such as
Parkinson's, Alzheimer's, and amyotrophic lateral sclerosis. Pierluigi E. Bigazzi [6] described that there
is significant evidence that mercury can stimulate autoimmune disease in humans. Shikhar Agarwal et
al. [7] observed that there is a significant association between composite cardiovascular and cerebro-
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-vascular disease (CCVD) and urinary antimony, cadmium, cobalt, and tungsten. Great amounts of
serum cadmium (>0.61 pg/L) were related to CCVD.

Due to the fatal effects and troubles caused by HMs accumulation in the environment, various
methods have been developed to eradicate these HMs, such as chemical precipitation [8], adsorption [9]
ion exchange [10], solvent extraction [11], and nano-filteration [12].

The HMs uptake by the adsorption mechanism depends on using an effective adsorbent for the
exclusion of HMs from wastewater. K. Pawluk et al. [13] examined the effectiveness of the zeolite
medium to eliminate Cu(ll), Zn(1l), Pb(1l), Ni(I1), and Cd(Il) from aqueous solution. The results indicate
that the percentage of removal was as follows: Zn(I1) (92%), Pb(1l) (70%), Cd(I) (54%), Ni(ll) (48%),
and Cu(ll) (31%). Edris Bazrafshan et al. [14] used electrocoagulation for the removal of HMs from an
aqueous environment containing Zn(I1), Cu(Il), Ni(ll), Cr(111), Cd(1l), and Hg(ll). They found that the
procedure is straightforward and instrument maneuver is uncomplicated.

Elfeky et al. [15] studied the obliteration of Cr(VI) from contaminated water employing a complex
from Fe304 capped with cetyl-trimethyl-ammonium bromide (CTAB). The highest potency of the used
system for the elimination of Cr(V1) (95.77%) was in the acidic medium (pH 4), contact time twelve h,
and adsorbent quantity twelve mg/mL. The obtained results indicate that the FesO4s/CTAB scheme
demonstrated high potential and selectivity for managing water contaminated with Cr(\V1).

Liliana Giraldo et al. [16] used FesO4 nanoparticles for the remedy of artificial aqueous solutions
polluted by metal ions, such as Pb(Il), Cu(ll), Zn(1l), and Mn(ll). Results indicated that the adsorption
capacity of Fe3Os nanoparticles is utmost for Pb(Il) and lowest for Mn(ll), because of the diverse
electrostatic attraction between HMs cations and negatively charged adsorption sites. The experimental
results also illustrated that the adsorption is inclined by pH and temperature. F.l. EI-Dib et al. [17]
prepared magnetite nanoparticles and studied their adsorption properties for HMs within the presence of
various synthesized surfactants. They found that the adsorption reaches equilibrium in four h and is
significantly afflicted by the pH of the solution and the adsorbent amount. The adsorption performance
is normalized by Langmuir adsorption isotherms.

A. M. Badruddoza et al. [18] tested Carboxymethyl-B-cyclodextrin/ FesO4 as nano-adsorbents for
the exclusion of Cu(ll). They found that the adsorption equilibrium is attained in 30 min and the
adsorption kinetics of Cu(ll) is found to follow a pseudo-second-order kinetic model. Equilibrium data
for Cu(Il) adsorption are fitted well by the Langmuir isotherm model. The highest adsorption capacity
for Cu(ll) ions is anticipated to be 47.2 mg/g at 25°C.

Amir Abdolmaleki et al. [19] examined triazinyl-p-cyclodextrin tailored FesO4 (T-3-CD—-MNPs) for
the elimination of HMs ions from aqueous solutions. Equilibrium results demonstrated that the HMs ion
adsorption fit well with the Langmuir isotherm model, with the highest adsorption capacities of 105.38,
58.44, 51.30, and 33.33 mg/g for Pb(ll), Cu(lIl), Zn(Il), and Co(ll), respectively.

Ahmed Fawzy El-Kafrawy et al. [20] used magnetic nano-adsorbent consisting of FesOs
nanoparticles tailored with CM-B-CD and PEG-B-CD. These magnetic nano-adsorbents were tested to
efficiently eradicate Cu(Il) and Pb(ll) from contaminated samples. They reported that CD customized
with PEG is more proficient than those adapted with carboxymethyl since the metal kinship to the PEG
chain is superior to the metal kinship to the carboxymethyl group.

Polymers tailored nanoscale iron particles are an efficient selective sorbent for Pb(ll), Zn(ll) [21,22],
and Ni(Il) ions [23]. Nano-sized magnetic polymer adsorbent combined with tetraethylene-pentamine
(TEPA-NMP) was developed for batch adsorption of Cr(VI) [24]. While Fe/Cu bimetallic adsorbent
introduced as a novel industrial wastewater pre-management [25] and co-precipitation techniques [26]
used for the elimination of Ni(ll), Cr(\V1), Cd(ll), Mn(Il), Pb(l1), and Zn(ll) with the aid of Cu(ll)
cyclohexyl methyl dithiocarbamate [27,28]. Natural polymers are preferred in modifying the
nanoparticles surface to avoid cytotoxicity. Among natural polymers, cyclodextrin (CD) is considered a
nontoxic polymer as it is composed of cyclic oligosaccharides. It can be used as a chelating agent to
eradicate hazardous materials [29].
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The pickling process in the steel industry releases high concentrations from hydrochloric acid iron
waste (mainly in the form of FeCly). The discharge of this waste into a stream kills the fish due to the
depletion of dissolved oxygen through the oxidation of iron. Thus, the disposal of such wastes is an
important issue that may be solved through treatment protocols [30].

This study aims to recycle iron contaminated in the steel industry waste acid to highly valuable
magnetic nanomaterials that can be modified by natural polymer (CD) and used for the removal of toxic
HMs from contaminated wastewater. To the best of our knowledge, this is the first time that recycling
of steel industry waste acid for wastewater treatment was described.

2. Materials and methods
2.1. Reagents

B -Cyclodextrin (98%) was purchased from Winlab-UK. Ammonium hydroxide (25%), and
Hydrogen peroxide H>O2 (30%) were obtained from LOBA Chemie-India. Sodium hydroxide NaOH
(99.9%), Monochloroacetic acid (=99.0%), Hydrochloric acid HCI (37%), Cadmium nitrate Cd (NO3)>.
4H>0, Lead nitrate Pb(NO3)2, and potassium dichromate (K>Cr.07) were ordered from Sigma-Aldrich
Chemical Co-USA. Epichlorohydrin (=99.0%), Fe (iron (111) nitrate in nitric acid 0.5 mol/L, and Iron
standard solution 1000 mg/L were bought from Scharlau-Spain. All chemicals were of analytical grade
and used without additional purification. Waste hydrochloric acid was taken from Kandil steel waste
acid station, industrial zone, Obour city, Block 13035 — PO, box 111 (Galvametal), Cairo, Egypt.

2.2. Synthesis of Carboxymethyl-g-Cyclodextrin (CM-p-CD) polymer

CM-B-CD polymer was synthesized according to the steps described in [31]. 5 g from B-—
Cyclodextrin was put in 50 mL from 10% (w/v) NaOH with constant stirring till they are mixed. Then,
10 mL from Epichlorohydrin was added gradually with intensive stirring for 8 h. Another 5 mL from
Epichlorohydrin was added with continuous stirring for an additional 3 h. The mixture was lifted
overnight at room temperature, then concentrated to 15 mL. The gummy precipitate was grown after
vigorous stirring and washed 4 times with cold free ethanol. The precipitate was toughened after it was
cleansed another time with cold acetone. Consequently, a high pure yield of f-CD/Epichlorohydrin
copolymer of (80%) was gained. The next essential step for preparing the desired polymer was done by
dissolving 4 g from -CD/Epichlorohydrin copolymer in 100 mL of 5% (W/V) NaOH solution, and then
4 g Monochloroacetic acid was added gradually. The mix was strongly stirred for twenty-four h. To
neutralizing the excess NaOH, 2M HCI was added drop by drop until the pH became neutral. The
mixture was concentrated to15 mL and cooled over ice to 4°C. Salt crystals were generated by filtration.
The polymer was precipitated by vigorous stirring with cold free ethanol, and washed 4 times with free
ethanol thus, a high pure yield (55%) of CM—B—CD was obtained.

2.3. Preparation of CM-g-CD conjugated Fe3O4 nanocomposite (CM--CD/ Fe3Oa4)

1.5 g from synthesized CM—B—CD polymer was dissolved in 40 mL distilled water followed by the
addition of 4.77 g from steel hydrochloric acid waste (see supporting information for calculation of Fe?*
or Fe™ in the waste sample). Then, 15 mL NH4O0H (25% V/V) was mixed gradually with polymer/waste
mixture under vigorous stirring (161 xg) for one h at room temperature.

2.4. Preparation of HM samples for elemental analysis by atomic absorption spectrometer

The sample concentrations of 25,100,300 and 400 mg/L were prepared from nitrate salt of Pb(ll),
Cd(I1), and potassium dichromate salt (containing Cr[V1]). Three standard solutions (5, 10, and 15 mg/L)
for Pb(I1), Cd(ll), and Cr(VI) were also made. Adjusting the pH of the solution was done by standard
solution from NaOH and HCI (0.1 N).
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2.5. Studying the factors affecting adsorption of HMs ions by (CM--CD/Fe30O4) nanocomposite

The adsorption process is affected by many factors such as the pH of the solution, initial HMs
concentration, contact time with the adsorbent, and the presence of other co-existing ions (interfering
ions). In all studied factors, three sample replicates were done for each adsorption reaction. The sample
volume was 10 mL using DI in all laboratory samples. The weight of the tested polymer (CM-B-CD/
Fes04) was 24 mg, pH 5.5, and the used HMs concentration of 300 mg/L with continuous stirring (14
Xg) at room temperature (RT) 25C°.

2.5.1. Effect of pH value
Solutions pHs of 1.5, 3.5, 5.5, and 6.5 were prepared. 0.1 N solution from NaOH and HCI was used
for adjusting pH values.

2.5.2. Effect of initial HMs concentration
Different concentrations of 25, 100, 200, 300, and 400 mg/L were prepared for the effect of initial
HMs concentration study.

2.5.3. Effect of contact time
The reaction was performed at different times (every 10 min until 60 min then 120 min, 240 min,
and 300 min).

2.5.4. Effect of interfering ions

The effect of different coexisting ions on the adsorption capacity of CM-B-CD/ FezO4 was examined
by mixing the proposed HM samples in a binary (2 elements), ternary (3 elements), and quaternary (4
elements) mixture. The mixture solution for each HM was prepared by mixing equal volumes (10 mL)
from every HM element solution. Concentrations of 300 mg/L from each HM were prepared for this
study.

2.6. Field samples

The real field samples were collected from three industrial sewer zones at Cairo Governorate-Egypt,
Kandil steel Galva metal at El Obour site (pH 3.1), Kafr Abyan sewer - Abu Zabal -Al Khanka (pH 7.1),
Akracha sewer industrial zone at Abu Zabal -Al Khanka (pH 6.9). The real field experiments were
performed using 24mg CM-B-CD/ Fe3O4 composite and 10 mL wastewater sample volume. The contact
time was 5 h at a shaking rate of 14 xg. Then, the three HMs Cr(Il), Cd(Il), and Pb(Il) concentrations
were measured and the adsorption capacity was also calculated.

2.7. Reusability of the adsorbent

The reusability of the adsorbent was tested by a collection of CM-B-CD/ Fe3O4 using an external
magnetic field then it was inserted in 10 mL of the contaminated sample for 1 h and shaking rate of 14
xg then the sample was taken for HMs analysis after adsorbent removal by magnetic collection.
Desorption of the adsorbent was done by a collection of CM-B-CD/ Fe3O4 then insertion in 10 mL of
0.1 M Na2EDTA (37.22 g EDTAJL) [32]. After the desorption of HMs ions from CM-B-CD/ Fes0s, it
was washed and dried for reusing purposes.

2.8. Instruments

The infrared spectra (4000-399 cm™) were determined using an infrared spectrometer JASCO
FT/IR-4100. X-ray diffraction (XRD) diffractometer PANalytical’s X’Pert PRO with Cu Ko radiation
was used to record the sample diffraction patterns. Images were taken by a transmission electron
microscope (FEI Tecnai G2 20 200 KV TEM). The elemental analysis was performed by a Perkin-Elmer
atomic absorption spectrophotometer (analyst 200, USA).
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3.Results and discussions
Characterization of the prepared nanocomposite

FTIR spectrum in Figure 1 (a) displayed the characteristic peaks for B-cyclodextrin, bare magnetic
nanoparticles FezOs4, and composite product CM-B-CD/ Fe304. For unmodified FesO4 nanoparticles and
composite nanoparticles, the distinctive absorption band of magnetite at 566 cm™ is clearly detectable
in the spectra [15]. Compared with bare magnetite nanoparticles, the prepared CM-B-CD/ Fe30a
nanocomposite has newly emerged absorption bands at 1065, 1262, and 2936 cm™ related to -CO, C—-
O-C, and C-H bonds in B-CD, respectively. This signifies that the f-CD molecule has been joined with
magnetite nanoparticles efficiently. In Figure 1a (CM-B-CD/ Fe3Os), the peak at 1615cm™ corresponds
to the carbonyl (C=0) of the carboxymethyl group (-COOCH?3) in CM—B—CD. This band intensity was
reduced compared with that of normal carbonyl in 3-cyclodextrin due to the interaction of the carbonyl
group with the iron oxide nanoparticles, resulting in the formation of the iron oxide nanoparticles capped
with carboxylate [18].

The XRD pattern (Figure 1b) of FesO4 NPs and for CM-B-CD/ Fe3O4 indicates a highly crystalline
cubic structure of FesO4 nanoparticles at the diffraction peaks of 30.1, 35.5,43.3, 53.6, 57.0, and 232
62.6°, which correspond to D220, D311, D400, D422, D511, and D440 planes of the cubic FesO4 lattice,
respectively. These results are in good conformity with the XRD patterns of FesOs NPs reported in
previous literature [33,34], which proved that the cubic spinel construction of the magnetite
nanoparticles with a crystal size of about 17.02 nm. XRD pattern for CM-B-CD/ FezO4 polymer has
diffraction peaks at 14.09, 27.0, 30.0, 35.4, 43.3, 46.8, 57.0, and 62.6° correspond to D020, D120, D011,
D031, D060, D200, D151, and D251 respectively for planes of the orthorhombic crystal. The crystallite
size of the sample was calculated from peaks using the Debye—Scherrer formula [35]. The calculated
size was 83 nm for composite CM-B-CD/ Fe3O4 and 12 nm for bare FesO4. TEM images Figure 1 (c)
illustrates (1) bare magnetic nanoparticles (FesO4) and (11) synthesized nanocomposites CM-B-CD/
Fe30a.

From Figure 1c it can be seen that the bare magnetite nanoparticles (Figure 1-c [1]) are approximately
10-15 nm in diameter and tend to agglomerate. The square-like shapes represent the cubic crystals. The
better distribution state of the composite nanoparticles can be observed from Figure 1c(Il) with a range
of diameters from 72 to 102 nm, which is comparable with the average size calculated from XRD data
(83 nm). The composite nanoparticles display approximately spherical shapes resembling a core-shell
structure. The core-shell structure consists of multiple magnetite cores and an outer layer of CM-p-CD
polymer (Figure 1-c [H]).

CM-B-CD /Fe304 |

%T
Counts/s
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Figure 1. (a) FTIR spectra for B-Cyclodextrin, FesOs-NPs, and CM-B-CD /Fez04
Nanocomposite (b) XRD patterns for the prepared Fe30s-NPs, and CM-B-CD /Fe304
(c) TEM images of (I) bare magnetic nanoparticles (FesO4) and (11) synthesized
nanocomposite CM-B-CD /Fes04 at two magnifications
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Factors affecting the adsorption process

Many conditions controlling the adsorption of the HMs, especially the initial concentration of HM,
the pH of the solution, the contact time between HM and adsorbent, and the existence of other competing
ions in the solution.

HMs initial concentration was tested as an effective factor in the adsorption of HMs onto adsorbents.
Eq. (1) was used for calculating % removal [15].

o~ & % 100

Co (1)

where CO and Cf are the initial and final concentrations of HMs in the solution, respectively.

According to Figure 2 (a), the % removal increases with increasing initial HMs concentration and it
was in the order of Pb(I1)>Cd(I1)>Cr(V1).

Figure 2(a) suggests that the adsorption affinity of CM-B-CD/ Fe3s04 nanocomposite was highest
toward Pb(Il) while it was lowest for Cr(V1) irrespective of their initial concentration.

A previous study revealed that sorption is directly proportional to the molar mass and metal ionic
radii [36]. Thus, CM-B-CD/ FesOa sorption efficiency was in the order of Pb(11) 1.19 A> Cd(11) 0.95 A>
Cr(V1)0.58 A.

The pH of the aqueous solution is a vital factor in the adsorption process. Thus, to understand the
effect of pH on the sorption of HMs ions on CM-B-CD/ Fe3Os, a pH range of 1.5-6.5 was investigated
in this study. Precipitation of HMs as metal hydroxide would happen at pH greater than 6.5, therefore
the test was terminated at pH 6.5. The effect of pH on the adsorption capacity is plotted in Figure 2(b).
The adsorption capacity was calculated according to Eq. (2) [37].

U4 Removal

Cop—C
o &KV

w (2)
where Qe is the equilibrium adsorption capacity of the adsorbent in mg (metal)/g (adsorbent), CO is the
concentration of metal ions before adsorption in mg/L, Ce is the equilibrium concentration of metal ions
in mg/L (remained in solution after shaking), V is the volume of metal ion solution in liter scale, and W
is the weight of the adsorbent in gram scale. The concentration of HMs in the supernatant was determined
by flame atomic absorption spectroscopy [38].

The effect of pH can be elucidated by considering the surface charge of the adsorbent material.
Metals aqueous solution has positive zeta potential at pH < 7. Since the zeta potentials of the CM-B-CD/
Fes04 are positive at pH < 4.7 (point of zero charge, pzc) [18], it is assumed that the interactions between
the adsorption sites (multiple hydroxyl and carboxyl groups) on CM-B-CD/Fes04 and HM ions are
electrostatically repulsive for Cd(I1), and Pb(ll) and attractive to Cr(VI). Above pH 4.7, the reverse
should happen. However, as seen in Figure 2(b) this expected behavior does not occur. Conversely, the
adsorption capacity remains constant regardless of the pH value. These results imply that the electrostatic
interaction is not the key factor that affects the adsorption and metal chelation plays a much more
important role [39].

To test the effect of contact time on the adsorption efficiency of CM-B-CD/ Fe3QOg, the reaction was
performed at different contact times (0—360 min). The results of adsorption capacity are plotted in Figure
2cC.

As the contact time increases the adsorption rate increased until it reached equilibrium in 60 min.
Therefore, CM-B-CD/ Fe304 could be easily and rapidly adsorb HMs as Cr(V1), Cd(1l), and Pb(ll). At
that time, the adsorption capacity of CM-B-CD/ FesO4was 64.2 (mg/g) for Pb(ll), 31.6 (mg/g) for Cd(11),
and 10.2 (mg/g) for Cr(VI). Accordingly, the analysis of kinetic curves for each metal could arrange
them as Pb(I11)> Cd(I1)>Cr(V1) because of the increased ion exchange rate, which depends on their ionic
radii [36].
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Figure 2. Effect of (a) different HMs initial concentration at pH 5.5 and contact time 1h,
(b) different pH values at contact timelh and HMs initial concentration of 300 mg/L, and
(c) different contact times at pH 5.5 and HMs initial concentration of 300 mg/L on
CM-B-CD /Fe304 adsorption capacity (Qe) at RT

Adsorption kinetic study

The adsorption mechanism of metals can be investigated by employing the pseudo-first-order and
pseudo-second-order kinetic models. The pseudo-first-order kinetic model (see supporting information)
adopts that the binding originates from physical adsorption [40]. While the pseudo-second-order kinetic
model (see supporting information) is based on chemical adsorption (chemisorption) [15].

From Figure 3, it appears that the second-order model seems to be more favorable for HMs sorption
process, indicates their chemisorption by CM-B-CD/ Fe304 nanocomposite.

« Crvi) 40
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Pb (Il
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Figure 3. The plot of (a) pseudo-first-order and (b) pseudo-second-order models for the
sorption of HM from a contaminated sample using CM-B-CD /Fez04 nanocomposite

The parameters obtained from the linear fitting of pseudo-first-order and pseudo-second-order
models for CM-B-CD/ Fe3Og are listed in Table 1.

Table 1. Parameters of kinetic models for the sorption of HMs
by CM-B-CD/Fe304 nanocomposite

Pezeudo-first order Pzeudo-second order
Metal E; R? E; Qe(mg/z) B2
Cr{VT) 0.033 0977 7970 10.145 0992
Cd (II) 0.030 0760 2.610 31.300 0991
Fb (I} 0.045 0.768 1.239 63.733 0992
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The table illustrates that the correlation coefficient (R2) for the pseudo-second-order adsorption
model has high values for all HMs compared with that of the pseudo-first-order model. Accordingly, the
adsorption mechanism is chemisorption due to more fitting to the pseudo-second-order model. The
pseudo-second-order adsorption has also been reported for kinetics of adsorption of Cu(ll) using
Carboxymethyl-B-cyclodextrin conjugated FesO4 [18].

Adsorption isotherm study

The common adsorption isotherm models (Langmuir and Freundlich) were used to describe the
adsorption of Pb (1), Cd (1), and Cr (VI) on CM-B-CD/ Fe3Os nanocomposite. The Langmuir model
(supporting information) assumes that all adsorption sites of the adsorbent have identical binding energy
and each site binds to only a single adsorbate (one layer of molecules can be adsorbed on the surface)
[41].

While the Freundlich model (supporting information) is based on the reversible heterogeneous
adsorption [41].

Figure 4 proved that the adsorption of Pb(I1), Cd(Il), and Cr(VI) on CM-B-CD/ Fe30aare fitted more
with the Langmuir model (a) than the Freundlich model (b).

28

261 | = Pbl T 141« crw
245 1o ¥ [ 12{ * Cd(l)
g ) . =10l © PBO)
20 g '
o’ 0.8
o 18/ E
;}15: o061
144 310.4
121 =l 02
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L T T T T T T 1 0.
0 50 100 150 200 250 300 350 400 q,D 12 14 16 18 2.0 2.2 2.4 26
Ce (mg/L) Log Ca (mg/L)
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Figure 4. Adsorption isotherm of Pb(l1), Cd(lIl), and Cr(VI) on CM-B-CD /Fe304
plotted by (a) Langmuir model, and (b) Freundlich model

The parameters for both models are presented in Table 2.

Table 2. Freundlich and Langmuir isotherm parameters for the adsorption of HMs
on CM-B-CD /Fe304 nanocomposite

Langmuir modsl The Freundiich model
Metal gl Mg/g) Eiflimg) R il E B
Cr (VI 102 00024 0.0833 16 5710 0.0588
Cd (11} 313 0.0033 0.9682 21 6.606 0.8961
Pb (I 64.1 0.0039 0.9331 24 2114 0.9341

Usually, for evaluating a good fit, values of correlation coefficients (R?) of linear plots of the two
models are compared. From Table 2, the correlation coefficient (R?) is higher in the case of applying the
Langmuir model than the Freundlich model.

The effect of interfering ions
HMs waste always contains a mixture of different metal ions that may affect the adsorption efficiency
of each other. Table 3 shows the percentage removal results of each metal ion in a binary system (a), the
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ternary system (b), and quaternary system (c) calculated relative to percentage removal in a single
system. The results presented in Table 3 suggest that the interfering ions in most cases do not
significantly affect the percentage removal of the measured metal ion. Similar results were obtained by
[15] when Fe3O4/ CTAB was used for Cr(VI) removal. Thus, the CM-B-CD/ Fe3O4 can be used
efficiently in a multi-component system.

Table 3. Removal percentage of HMs in a multi-component system: binary, ternary,
and quaternary calculated relative to percentage removal in a single system using
CM-B-CD/Fe304 nanocomposite adsorbent

a-Binary svstem YeFemoval 5D E5D
Cre+Cd 08 46% 0.020 0.215
Cr*+Pb 08.01% 0.020 0.307
Cd*+Pb 96.23% 0.276 220
Cd*+Cr B3.63% 0.046 0.175
Po*+Cd 8.03% 2860 24.165
Pb*++Cr 00 DG 0.143 63.019
b- Temary svstem
Cr*+Pb+Cd 90 19%; 0.020 0273
Cd*+Cr+Fb 97 43% 0286 1.237
Pb*+Cd+Cr 90 95% 0024 6.614
- Quaternary svstem
Cr *+Pb+Cd+ M1 95.98% 0.658 1.811
Cd*+Pb+Cr+M1 97 94% 0458 1.849
Ph*+Cd+Cr+i 100 %2 0480 117.704

# The mearured HM lon from the mixture.

Reusability of CM-g-CD/ Fe304

In this study, CM-B-CD/ FesO4 composite was reused for four successive cycles in contaminated
samples. The HMs removal was measured by atomic absorption spectrophotometer. The adsorption
capacity ratio percentage was calculated according to Eq. (3).

O-
R: == x100(%)
L 3)

where Re is the adsorption capacity ratio %, Qo is the adsorption capacity of CM-B-CD/ Fe3zO4 in mg
(metal)/g (adsorbent) in the first cycle, and Qr is the adsorption capacity of CM-B-CD/ Fe3O4 in mg
(metal)/g (adsorbent) at the second, third or fourth cycle. Figure 5 shows the adsorption capacity ratio
percentage of Pb(I1), Cd(I1), and Cr (V1) using CM-B-CD/ Fe304 for four successive cycles. The figure
illustrates that the adsorption capacity ratio percentage of CM-p-CD/ FesO4 does not significantly change
in the four cycles. This may be due to maintaining the magnetic properties and composite reactivity by
the encapsulating polymer CM-B-CD. Approximately comparable results were reported by Hu et al. [42]
who found that B-cyclo-dextrin attached MWC-NTs/iron oxides/CD can be reused five times for Pb(ll)
adsorption with less than 5% of reduction in efficiency, signifying the high quality of the adsorbents.
This study recyclability results propose that CM-B-CD/ Fe3s04 nano-adsorbents can be repetitively used
as a proficient adsorbent in wastewater treatment.
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Cr(Vl)

Cd(l)
HMs
Figure 5. CM-B-CD/Fe304 adsorption capacity rate
percentagein mg (metal)/g (adsorbent) for Cr (V1),
Cd(I1) and Pb(I1) for 4 successive adsorption cycles

Ph(ll)

Wastewater Field sample test

The real field samples were collected from three industrial sewer zones at Cairo Governorate-Egypt,
Sample (1) from Kandil steel Galva metal (pH 3.1), sample (2) from Kafr Abyan sewer (pH 7.1), and
sample (3) from Akracha sewer (pH 6.9). The real field experiments were performed applying the same
parameters of laboratory sample testing. Table 4 shows the percent removal of Pb(ll), Cd(ll), and Cr
(V1) from the three field industrial sewer samples using CM-B-CD/Fe304 (24 mg) adsorbent applying

Eq. (2).

Table 4. Removal percentage of HMs in field samples using CM-B-CD/Fe304
nanocomposite adsorbent

Cr (VI) Cd(I) Ph(I)
Sample Co Ce [, 1 C: . 1T T |, ,
(me/L) (mgL) % Removal (mgL) (mg/L) ¥ Removal (mgL) (mg/L) % Removal
1) 6.6 0.08 08.8% 0.42 0.00% 97.9% 122 0.014 98.9%
[y} 46 0.1 99 0% 0.6 0.01 08.3% 0.32 0.007 99.1%
3 16.7 0.19 08.9% 0.3 0.003 99.0% 1.19 0.01 99.2%

As viewed in the results the efficiency of the synthesized polymer is high, as the percentage removal
is more than 97% in all tested HM field samples.

4. Conclusions

The CM-B-CD/ Fez0s nanocomposite was synthesized by one step (co-polymerization) reaction.
TEM and XRD revealed that CM-B-CD/ FeszO4 size was approximately 80 nm. FTIR illustrated the
interaction of the carbonyl group in CM-B-CD with the FesO4 nanoparticles resulting in the formation
of the CM-B-CD/ Fes04. The adsorption results illustrated that CM-B-CD/ Fe3O4 sorption is directly
proportional to the molar mass and metal ionic radii. The adsorption equilibrium of HMs was reached
at 1h. The maximum adsorption was for Pb(ll) at an initial concentration of 300 mg/L, pH 5.5, and
contact time 1 h. Kinetic study results indicated that HMs were chemically absorbed by CM-B-CD/
Fez04 nanocomposite. From equilibrium modeling, the results of HMs adsorption are more fitting to the
Langmuir model than the Freundlich model. The interfering ions and recyclability of the adsorbent do
not significantly affect the percentage removal of the measured metal ion. The synthesized polymer
proved a high success and stability in the field applications. Thus the CM-B-CD/ Fes04 can be used
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efficiently for wastewater purification with high efficiency and good recyclability due to maintaining
the magnetic properties and composite reactivity by the encapsulating polymer CM-B-CD. Future studies
will focus on enfolding the CM-B-CD/ Fe3Oy4 in a filter with different natural polymers.
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