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KEYWORDS Abstract The removal of heavy metals from industrial wastewater is nowadays one of the most
Lead (I1) ion; interesting challenges in water remediation using adsorbent nanomaterials. The present study pre-
Wastewater; sents a novel adsorbent (Fe;0,@CS@CMC-SiNH,) nanocomposite (NC), by functionalization of
Adsorption; the carboxymethyl cellulose (CMC) cross-linked to magnetic chitosan nanoparticles (Fe;O,@CS
Reuse; NPs) with aminopropyl triethoxysilane layer (APTES), and evaluate its performance toward lead
Interaction mechanism; (II) removal from wastewater. The synthesized NCs were characterized using several techniques.
Response surface The optimization of the adsorption process was performed using the Response Surface Methodol-
methodology

ogy with the Box-Behnken Design model. The optimal conditions for lead (II) ion removal were
found to be; pH of 5.1, a dose of 0.10 g/L, and a temperature of 36 C using Fe;O4@-
CS@CMC-SiNH, NCs which proved to have superior adsorption performance with a maximum
adsorption capacity of 555.56 mgppan/gnc, and fast achievement of the adsorption equilibrium
(30 min). Favorable monolayer chemisorption was estimated and proved to be a coordination bond
between the —NH amide and lead (II) ions using FTIR, as well as up to seven adsorption—desorp-
tion cycles were effective for lead (II) ion removal from aqueous solutions. In addition, the Fes-
0,@CS@CMC-SiNH, NCs showed 98.10%, and 97.21 % removal of lead (II) ions in the
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absence, and the presence of other contaminants of heavy metals such as cadmium (II) and mercury
(II). Moreover, the Fe;0,@CS@CMC-SiNH, NC exhibited high efficiency in the removal of lead
(IT) ions from wastewater, can be easily separated from water by magnetic separation, showed sat-
isfactory reusability for five cycles of the adsorption—desorption process of lead (II) ion removal
from tap water and wastewater. Consequently, Fe;04@CS@CMC-SiNH, NC is a prospective
adsorbent nanomaterial for lead (II) ions removal from wastewater.

© 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

Due to the increase in human activities and the development of indus-
tries all over the world, various compounds from industrial wastewater
have been produced and can cause significant harm to some organisms
and the environment (Karimi-Shamsabadi and Nezamzadeh-Ejhich
2016, Huang et al. 2021). Heavy metals are very harmful compounds
to be released into the environment in comparison to organic pollu-
tants due to their non-biodegradable behavior and their accumulation
in living tissues (Ozdes et al. 2009). These persistent materials can also
enter the food chain through water or related ecosystems (Das et al.
2022). Lead is ranked as the second hazardous pollutant after arsenic
according to the U.S. Environmental Protection Agency (USEPA) and
the Agency for Toxic Substances and Disease Registry (ATSDR)
(Maliyekkal et al. 2010). The EPA and the World Health Organization
(WHO) define the maximum permissible limit for lead (II) ions in
drinking water to be 15 pg/L and 10 pg/L, respectively (Ihsanullah
et al. 2016). The lead (II) ion is a highly toxic metal ion and can be
found in wastewater from batteries, cosmetics, glass manufacturing
and paint industries (Eren et al. 2009, Karatas 2012). The high extent
of lead (IT) ion exposure causes damage to the nervous system of chil-
dren, anemia, kidney failure, brain edema and liver cirrhosis (Shi et al.
2009). Furthermore, to eliminate the harmful impact on both terres-
trial and aquatic living systems, it is necessary to remove the lead
(IT) ion from water and wastewater.

Several limitations have been reported for the removal of the lead
(IT) ion from water via traditional methods such as electrochemistry,
precipitation or ion exchange. For instance, low efficiency, high cost,
secondary pollutants generation, and poor selectivity are documented
by using these common methods (Liu et al. 2020).

Therefore, the adsorption technology has been widely used for
heavy metals as well as for the removal of other contaminants from
water due to its cost-effectiveness, ease of operation, and eco-
friendliness as well as the adsorbent could be regenerated (Renu
et al. 2016, Jin et al. 2019). Removal of heavy metals using adsorbent
nanomaterials is highly favorable due to the augmentation of active
sites as well as the high specific surface area for the adsorption of con-
taminants (Kolluru et al. 2021). Typical adsorbent materials such as
resins, activated carbon, biomaterials and agriculture byproducts,
among others, have been applied to remove pollutants from water
(Hu et al. 2015, Abo Markeb et al. 2017, Sadegh et al. 2017, Abo
Markeb et al. 2019) presenting several disadvantages. For example,
magnetite nanoneedles, graphene oxide, magnetic biochar, and acti-
vated carbon adsorbents used for lead (II) removal have low adsorp-
tion capacity, low selectivity, difficulties for being separated from the
aqueous medium, unsatisfactory reusability and low stability (Lee
and Yang 2012, Karunanayake et al. 2018, Shi et al. 2019, Singh
and Bhateria 2020). Consequently, this study aims to: (1) synthesize
two novel nanocomposites (NCs): Fe;04@CS@CMC and Fe;O4@-
CS@CMC-SiNH,, based on the usage of low-cost biopolymers of chi-
tosan and carboxymethyl cellulose materials with high magnetic
properties, (2) to determine the properties of the synthesized nanocom-
posite that show the best efficiency for lead (II) ion removal from water
such as morphology, size, stability, and crystallinity via different char-
acterization techniques, (3) to optimize the removal and adsorption
capacity of lead (II) ion on Fe;04,@CS@CMC and Fe;O4@-

CS@CMC-SiNH, NCs using the Response Surface Methodology
(RSM) with a Box-Behnken Design (BBD), (4) to estimate the param-
eters related to adsorption of lead (IT) on Fe;0,@CS@CMC and Fe;-
04@CS@CMC-SiNH, NCs via isotherm and kinetic studies, (5) to
investigate the adsorption mechanism of lead (I1I) ion onto the best syn-
thesized NC and (6) to evaluate its potential applications in tap water
and wastewater as well as its reusability.

2. Materials and methods

2.1. Materials and characterization

All materials used in this work and details of the nanocompos-
ites’ characterization are provided in the supplementary Infor-
mation (section S1.1).

2.2. Synthesis of Fe;04@CS@CMC and Fe;0 ,@CS@CMC-
SiNH, NCs

Fe;0,@CS@CMC and Fe;04,@CS@CMC-SiNH, NCs were
prepared using the wet chemical method, which is subse-
quently explained.

2.2.1. Fe;0,@CS@CMC NC synthesis

Briefly, 1 g of chitosan was dissolved in 100 mL distilled water
containing 4 mL of acetic acid and left to continuous stirring
for 24 h at room temperature. Next, FeCl,-4H,O (25 mM)
and FeCl3-6H,0O (50 mM) were added to the chitosan solution,
and the mixture solution was purged using argon gas for 1 h.
Then, 0.1 g of CMC was added and the solution was continu-
ously stirred under argon atmosphere for 1 h. After that, the
mixture solution was kept stirred for an additional 1 h after
the adjustment of the pH of the solution to 9.00 using NaOH
(1 M). Finally, the Fe;0,@CS@CMC NC was freeze-dried for
48 h after centrifugation and washed three times with Milli-Q
water.

2.2.2. Fe;0,@CS@CMC-SiNH, NC synthesis
Fe;0,@CS@CMC-SiNH, NC was prepared as follows:
100 pL of (3-aminopropyl)triethoxysilane (APTES) was added
to a suspension of 0.5 g of Fes0,@CS@CMC, previously dis-
persed into 60 mL of toluene for 30 min, and the mixture was
kept under stirring for 4 h at 60 C. Finally, the NCs were
freeze-dried for 48 h after centrifugation and washed three
times with Milli-Q water.

2.3. Adsorption experiments

Lead (II) ion removal using the synthesized nanocomposites
was carried out under batch operation mode to determine
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the optimal conditions with maximum removal efficiency and
adsorption capacity of lead (II) ions from aqueous solutions.
A fixed amount of the adsorbent (mg) was mixed with a
defined volume and a known concentration of lead (II) ion
solution (Vi, mg/L) at a specific pH using an incubating sha-
ker (JSR, Korea) at 180 rpm for a defined time (min). Next,
the residual concentration of lead (II) ion solution (C.) was
measured by Atomic Absorption Spectroscopy (AAS) (Contra
AA 700, Germany) after digestion of the sample in HNO;
solution (5%) for 24 h and/or UV/VIS spectrophotometer
(PG990 Instruments, UK) after separation of the adsorbent
by magnetic separation with a neodymium magnet. Cadmium
(IT) and mercury (II) were determined using Inductive coupled
plasma coupled to optical emission spectroscopy (ICP-OES),
and Atomic absorption spectroscopy coupled to thermal
decomposition, respectively at Servei d’Analisi Quimica,
UAB, Spain. The percent of removal (R, %) and equilibrium
uptake capacity of lead (II) ion (Q., mgpyn)/gnc) Were calcu-
lated using the equations presented in the Supplementary
Information (section S1.3).

2.4. Optimization of the lead (II) ion removal using RSM

The optimization study of lead (II) ion removal was designed
using the Design Expert Program 12.0.10 (Stat-Ease, USA,
2019), and the RSM with BBD was selected. The three factors
used to carry out this study were the pH (A), adsorbent dose
(B) and temperature (C). The removal efficiency and the adsorp-
tion capacity of lead (II) ions were the response values used as
shown in Supplementary Information (Table S1). Three levels
were defined for each factor: the low level (coded —1), the center
point (coded 0) of the cubic phases (o = 1), and the high level
(coded + 1), which are included in the BBD. The experiment
was conducted with different operating parameters such as pH
(2, 6 and 10), dose (0.1, 0.8 and 1.5 g/L), and temperature (20,
35 and 50 °C). The range of pH from 2 to 10 was selected due
to the functional groups on the adsorbent NC, protonated or
deprotonated, and the species of the metal ion, which are
affected by the pH of the solution. Also, the spontaneous and
favorable reaction of the adsorbent with metal ions could be esti-
mated by the effect of temperature. In addition, the evaluation of
the adsorption sites on the surface of the NC could be proved by
the study by the effect of dose (Zhang et al. 2020). The initial lead
(IT) ion concentration used was 10 mg/L, which is higher than the
maximum permissible concentrations of lead (0.05 mg/L in
drinking water according to the World Health Organization,
and 0.05 mg/L in wastewater according to the Environmental
Protection Agency (Goel et al. 2005)), and the contact time of
24 h was selected to be sure that the equilibrium state between
the pollutant and the adsorbent NC was achieved. A total run
of 17 experimental points was performed according to the
BBD model to find out the optimal conditions for the three vari-
ables that result in maximum values of both responses; the
adsorption capacity (Y, mgppn/gnc) and the removal efficiency
(R, %).

2.5. Adsorption kinetics
To determine the optimum time for the adsorption of lead (II)

ion on the NC adsorbents under equilibrium, the experiments
of the kinetic study were conducted using 10 mg/L as lead (II)

ion initial concentration and doses of 0.11 g/L and 0.10 g/L of
Fe;0,@CS@CMC and Fe;0,@CS@CMC-SiNH, NCs,
respectively, as they were the optimal dosages obtained from
the BBD. The interval of time ranged from 5 min to 24 h to
assure the achievement of the equilibrium state. Then, the lin-
ear form of three kinetics models tested: pseudo-first, pseudo-
second and intra-particle diffusion models, was used to esti-
mate the rate of adsorption.

2.6. Adsorption isotherms

To determine the maximum adsorption capacities (Quax, Mgpp
an/gnc) of lead (II) ions using Fe;04@CS@CMC and Fe;-
0,@CS@CMC-SiNH, NCs, the effect of the initial concen-
tration of lead (II) ions was studied. The adsorption
isotherm experiments for both Fe;0,@CS@CMC and Fes-
04@CS@CMC-SiNH, NCs were conducted using a range
of lead (II) ion concentrations (1 mg/L to 150 mg/L). This
range was used to confirm the achievement of the maximum
adsorption capacities of lead (II) ion on the surface of the syn-
thesized adsorbents under the optimum conditions of pH, dose
and temperature from the BBD study as well as the optimum
time for adsorption from the kinetic study. In addition, the
experimental data were fitted to three linear models of iso-
therm: Langmuir, Freundlich and Dubinin-Radushkevich to
estimate Qmax (Mgpsarn/gnc) and the adsorption mechanism
for lead (II) ion removal.

2.7. Regeneration and reusability studies

The regeneration and reusability experiments were performed
through two strategies. One is testing the reusability of the
adsorbent NC for lead (II) ion removal from an aqueous solu-
tion, and the other is testing its reusability in tap water and
wastewater. Firstly, the reusability of Fe;04@CS@CMC NC
was tested directly after one cycle of lead (II) ions (1 mg/L)
adsorption from an aqueous solution under optimum condi-
tions, followed by its usage in two more cycles. Next, Fe;O4@-
CS@CMC and Fe;04@CS@CMC-SiNH, NCs were
subjected to HNOj3 (0.01 M) as a desorbing agent and were
incubated under shaking for 2 h at 25 °C and 180 rpm after
the first cycle of lead (II) ion (1 mg/L) adsorption. Then, the
obtained NCs were washed with deionized water three times
using magnetic decantation. Thus, the recovered adsorbents
were employed for six cycles of lead (II) ion (I mg/L) adsorp-
tion under optimal conditions. Therefore, the ability of the
regeneration process was evaluated. Secondly, the reusability
of Fe;0,@CS@CMC-SiNH, NC was tested as mentioned
after regeneration in three types of water matrices: tap water
(Barcelona, Spain) and also the inlet and outlet wastewater
supplied from the WWTP of La Garriga (Barcelona, Spain)
spiked with lead (II) ion (1 mg/L) for five consecutive cycles
of adsorption—desorption tests. Detailed information regard-
ing the analysis of tap water and wastewater matrices is pre-
sented in Supplementary Information (section S1.5).

2.8. Statistical data analysis

All the data of the adsorption processes were statistically ana-
lyzed, and the polynomial regression models involving the
three operational factors: temperature, pH and dosage, were
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estimated via ANOVA using the Design Expert Program
12.0.10 (Stat-Ease, USA, 2019). The inclusion of data, righ-
teousness of fit, and its statistical significance were determined
using the regression correlation coefficient (R?), and the p-
value. All data in this study were considered statistically signif-
icant when the p-values were less than 0.05.

3. Results and discussion
3.1. Structural and microstructural characterization of NCs

3.1.1. HR-TEM analysis

The morphology and size of Fe;0,@CS@CMC-SiNH, NCs
were obtained from HR-TEM analysis. As shown in Fig. la,
the nanocomposite presents a cubic morphology with sizes
ranging from 15 nm to 32 nm. The phase identification of
the nanocomposites was confirmed using Selected Area Elec-
tron Diffraction (SAED) pattern (Fig. 1b), which also shows
that crystalline nanocomposites were produced. In addition,
Fig. la shows the successful introduction of the APTES by
the formation of an amino layer coat on the surface of the
cubic synthesized nanocomposites. In addition, the particle
size of Fe;04@CS@CMC NCs was found to be 13.52 n
m £ 2.97 nm using the normal TEM as shown in Fig. Sla.

3.1.2. XRD analysis

The crystallinity and phases of Fe;04@CS@CMC-SiNH,
NCs are shown in Fig. 2. The characteristic peaks in the spec-
tra of Fe;04@CS@CMC-SiNH, NCs agreed with the forma-
tion of magnetite nanoparticles with cubic phases (JCPDS 85—
1436) (Cai et al. 2017).

The peaks at 19.18 °, 29.86°, 35.68°, 45.58°, 56.62°, 62.74°
and 75.24° were assigned to (111), (220), (311), (400),
(511), (440) and (622) reflections (Park et al. 2010, Kurnaz
Yetim et al. 2020). In addition, the peaks appeared at 11.56°,
17.08° and 22.66° corresponding to chitosan NPs (Morsy
et al. 2019). The peak at 25.18° corresponds to the presence
of Si-NH, (Xu et al. 2013). Moreover, the sharpness of peaks
indicates the crystallinity of the synthesized nanocomposites.
In addition, the intensities of some peaks were decreased and
disappeared of other peaks such as 62.74°, and 75.24° in the
case of Fe;04@CS@CMC NCs as shown in Fig. S1b. Hence,
the APTES increases the crystallinity of the synthesized NC.

3.1.3. FTIR analysis

Figure S2 shows the FTIR spectra of Fe;O04@CS@CMC and
Fe;04@CS@CMC-SiNH, NCs. The characteristic absorption
bands are corresponding to the functional groups of the syn-
thesized nanocomposites. For instance, in the case of FesO,@-
CS@CMC-SiNH, NCs, strong absorption peaks at 3448 cm ™!
and 1640 cm™! are attributed to the N—H stretching vibration
and NH, bending mode of the free NH, group of chitosan,
respectively. The peaks at 3005 cm™! and 2937 cm™! corre-
spond to the asymmetric and symmetric C—H vibration,
respectively. The bending vibration absorption peak of —CH,
appeared at 1439 cm~'. In addition, the absorption peak at
1341 ecm™! could be attributed to the —CN stretching. The suc-
cessful introduction of APTES was confirmed by the presence
of the vibration absorption peaks of —NH bending at
1588 cm~ ' and —CONH at 1640 cm™', as well as the disappear-
ance of the vibration peak of —OH bending of carboxylic acid at
1425 cm™!. Furthermore, the absorption peak at 546 cm™! pre-
sents the characteristics of the stretching vibration of the Fe—O
bond. The stretching vibration of —CHj in the CMC structure
was proved by the appearance of the absorption peak at
2867 cm™'. In addition, the absorption peak at 870 cm™' is
assigned to the glycosidic bond in the CMC structure. The
absorption peak at 1050 cm ™! is attributed to the stretching vibra-
tion of the O—C—C bond. The shift of this peak from pure CMC
(1043 cm ™) is due to the CMC moieties that have been intro-
duced on the Fe;0y surfaces. Moreover, the peak at 2365 cm™!
is assigned to the C—=N stretching of chitosan. Therefore, if the
absorption peaks of the synthesized materials are compared to
the peaks of Fe;04@CMC or CS-SiO,@Fe;04 nanoparticles
(Cai et al. 2017, Danalioglu et al. 2018), it can be concluded that
novel nanocomposites of Fe;04@CS@CMC-SiNH, NCs were
produced. While in the case of Fe;0,@CS@CMC NCs, the
intensity of the —CONH was decreased, and the —OH bending
of the carboxylic acid of CMC was increased.

3.2. Optimization of the lead (II) removal from aqueous
solutions using RSM

The obtained results from the experiment based on the sug-
gested run using the BBD model are listed in Supplementary
Information (Table S2). Based on the BBD results, the quad-
ratic model is suitable for the removal efficiency and the
adsorption capacity of lead (II) ions using Fe;O,@CS@CMC

Fig. 1

Figure 1. HR-TEM (a), and SAED (b) images of Fe;0,@CS@CMC-SiNH, NCs.
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Fig. 2 Figure 2. XRD pattern of Fe;04@CS@CMC-SiNH, NCs.
and Fe;0,@CS@CMC-SiNH, NCs, respectively. Statistical R2(%) = 95.54 + 13.79A + 7.32AB — —6.71A% + 4.25B?
values of R? and p-values were found to be 0.9753 and 2 2 2
. . — —7.46C~ — 420A°B — —11.32AB 5
0.0179 in case of using Fe;0,@CS@CMC, and 0.9980 and less ()
than 0.0001 in case of using Fe;04@CS@CMC-SiNH, NCs, s
respectively. Also, Tables S3 and S4 demonstrated that the Q2<mng(Il)/gN(‘> = 11.82 — —43.26B + 38.39B (6)

cubic model is adequate for modelling the adsorption capacity,
and the removal efficiency of lead (II) ions using Fe;O4@-
CS@CMC and Fe;0,@CS@CMC-SiNH, NCs, respectively.
In this case, R and p-values were found to be 0.9999 and less
than 0.0001 in case of using Fe;04@CS@CMC, and 0.9931
and 0.001 in case of using Fe;0,@CS@CMC-SiNH, NCs.
The significance of each coefficient to demonstrate the interac-
tions between the variables was examined using the p-values.
As shown in Tables S3 and S4, for the response of removal effi-
ciency of lead (II) ions from aqueous solutions, the factors A,
B, and B? are significant in the case of using Fe;O4@-
CS@CMC NC, whereas the factors A, AB, A%, B% C A’B,
and AB? are significant in case of Fe;0,@CS@CMC-SiNH,
NCs. Moreover, the factors of A, B, C, AB, AC, BC, A%, B?,
C?, A’B, A’C, and AB? are significant using Fe;04@-
CS@CMC NC and B and B? are the significant factors using
Fe;0,@CS@CMC-SiNH, NCs for the response of the
adsorption capacity of lead (II) ions. Therefore, the final
obtained equations in terms of the coded factors are shown
in Egs. (3)-(6):

R1(%) = 98.47 + 17.69A + 27.02B — —23.25B? (3)
Q1 (mgpym/exc ) = 12.31+0.98A — —6.32B + 6.1C—

— 21.55AB + 1.26AC — 6.35BC + 7.26

A% 4+ 10.5B> — —10.14C* — —18.00A + 10.50B>—

—10.14C? — —18.00A’B — —6.96A’C + 21.33AB* (4)

where R1, and R2 are the removal efficiencies (%), and QI
and Q2 are the lead (II) adsorption capacities (mgppn/gnc)
using Fe;0,@CS@CMC and Fe;0,@CS@CMC-SiNH,
NCs, respectively. A, B, and C are the factors used in the opti-
mization, i.e., pH, dose (g/L), and temperature ('C), respec-
tively. The positive coefficient terms mean a positive
contribution to the removal process of lead (II) ions from
aqueous solutions using Fe;0,@CS@CMC and Fe;O4@-
CS@CMC-SiNH, adsorbents. In addition, the higher coeffi-
cients, among the terms that are positively charged, suggest
that the pH and the adsorbent dose have a great impact on
lead (IT) adsorption (Afolabi et al. 2021). The ANOVA results
of the quadratic and cubic models for lead (II) ion removal
from aqueous solution as well as its adsorption capacity using
Fe;04,@CS@CMC and Fe;0,@CS@CMC-SiNH, NCs are
shown in the Supplementary Information (Tables S3 and S4,
respectively). The F-values for the two models were found to
be 5.46, and 73.45E + 03, using Fe;0,@CS@CMC for the
removal and adsorption capacity, respectively (Table S3).
Also, Table S4 shows 48.11, and 385.04 as the F-values for
the two models for the removal and adsorption capacity,
respectively using Fe;0,@CS@CMC-SiNH, NCs. These val-
ues indicate the significance of the obtained models, in which
p-values are lower than 0.05. In the quadratic equations, the
lack of fit was 1190.58 for the lead (II) removal using Fe;O4,@-
CS@CMC NC and 317.53 for the lead (II) adsorption capac-
ity using Fe;0,@CS@CMC-SiNH, NC as presented in Tables
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S3 and S4, respectively. Accordingly, each model was suitable
enough to describe the results of the experimental analysis (p-
values lower than 0.05). Therefore, the removal percentage of
lead (II) ions, as well as the adsorption capacity, can be calcu-
lated from the equations obtained and can be applied for esti-
mating the capacity of removing lead (II) ions from real
aqueous media. Fig. 3 and Fig. S1 displayed the response sur-
face graphs for both responses of removal efficiency and
adsorption capacity versus dose, pH and temperature factors,
respectively. These responses were obtained by varying two
factors, while the third factor is maintained constant at the
central level (Dermanaki Farahani and Zolgharnein 2021).
As can be seen, the interaction between factors was clearly
shown in these plots.

Fig. 3a-c and Fig. 3d-f depict the effects of the parameters
that affect the removal of lead (II) ions from water using Fes-
04@CS@CMC and Fe;04,@CS@CMC-SiNH, NCs, respec-
tively. Fig. 3a and Fig. 3d show the effect of pH and dose
on the removal percentage of lead (II) ions. As shown in
Fig. 3a, the lead (II) ion removal increased by increasing the
adsorbent dosage from 0.1 to 1.5 g/L using Fe;O04@-
CS@CMC, which can be attributed to the increase of the
active sites of the adsorbent. On the contrary, the dose did
not show the significance for lead (II) ion removal from aque-
ous solutions using Fe;04,@CS@CMC-SiNH, NCs in the
range of 0.1 to 1.5 g/L, which could be attributed to the pres-
ence of high available adsorption active sites in the low dose
that could adsorb easily an aqueous solution of lead (II) ion
(10 mg/L), and hence the Fe;04@CS@CMC-SiNH, NCs
could adsorb higher amounts of lead (II) ions. In both cases,
the removal of lead (II) ions increases when pH increases. This
can be attributed to the fact that at low pH, there is an excess
of protons that could interfere with the lead (II) ion for the
exchange on the surface of the adsorbents (Singh and
Bhateria 2020). Moreover, pH increase enhances the removal
of lead (IT) ions due to the increase of the negatively charged

Removal (%)

Removal (%)

Removal (%)

Removal (%)

;""';0

0. 9%
250055
COHX X

1o
el

SRR

medium as a result of the presence of hydroxyl ions (Davodi
et al. 2020).

Fig. 3b and 4e show the effect of temperature and dose on
lead (IT) removal. A positive effect can be observed by increas-
ing the dose using Fe;04,@CS@CMC NC and increasing the
efficiency of removal by increasing the temperature up to
36 C using Fe;0,@CS@CMC-SINH, NC. In addition,
Fig. 3c and 3f demonstrate higher efficiency when increasing
pH in both NCs. This could be attributed to the high interac-
tion between the lead (II) ion and the synthesized nanocom-
posites because of the more negatively charged medium.

In summary, the optimal conditions of the selected factors
from the analysis are the following: pH of 10 and 5.1, a dose of
0.11 g/L and 0.10 g/L, and temperature of 41.5 °C and 36 °C for
Fe;0,@CS@CMC  and Fe;0,@CS@CMC-SiNH, NCs,
respectively. These conditions were selected for the rest of fur-
ther adsorption experiments with real water and wastewater.
The obtained results are in agreement with those presented
in the literature (Ozdes et al. 2009, Rodriguez et al. 2018),
where the adsorption of lead (II) ions could be via an ion
exchange mechanism in which the lead (II) ions can bind to
the anionic sites by replacing the existing metal such as sodium
at high pH values as occurred using Fe;O4@CS@CMC or via
a complexation mechanism as a result of the amino layer that
could coordinate with lead (II) ion in case of using Fe;O,@-
CS@CMC-SiNH, NCs.

3.3. Effect of time and adsorption kinetics as well as the amount
of CMC

The adsorption controlling step and the adsorption mechanism
can be estimated from the adsorption kinetic modeling. Fig. 4
shows the effect of time on the removal efficiency of lead (II)
ions using Fe;04@CS@CMC and Fe;0,@CS@CMC-
SiNH, NCs. It was observed that Fe;O,@CS@CMC-SiNH,
NCs achieved fast adsorption and equilibrium state in

O ool

2 astera QI 903777

Removal (%)

x1= apH
X2= C Temperature
Actual Factor
B Dose =08

Removsl (%)

Fig. 3  Figure 3. Response surface plots of lead (II) ion removal efficiencies using three variables; (a-c) using Fe;04@CS@CMC, and (d-

f) Fe;04,@CS@CMC-SiNH, NCs. Reaction conditions: Initial concentration of lead (II) ion = 10 mg/L and contact time

24 h.
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30 min, whereas a longer time (120 min) was needed in the case
of Fe;04@CS@CMC NCs. The equilibrium is stable once
reached (Fig. 4).

According to Table S5, three adsorption kinetic models
were used: pseudo-first order, pseudo-second order and
intra-particle diffusion models. The rate constants of the mod-
els, Ky, K, and K;4 were calculated from the slope and inter-
cept of their relevant linear plots as illustrated in
Supplementary Information (Figure S3).

The experimental data were tested for the best fitting
between the pseudo-first order and pseudo-second order mod-
els. As shown in Table S5, The R? values were found to be
0.9995 and 0.9954 for the pseudo-second order and pseudo-
first order models, respectively, using Fe;0,@CS@CMC-
SiNH, NCs. Also, using Fe;04@CS@CMC NCs, the R?
value of the pseudo-second order model (R? = 0.9999) was
found to be higher than the pseudo-first order model
(R®> = 0.7183). In consequence, the pseudo-second order
model was the most adequate model to describe the experimen-
tal data. Therefore, chemisorption is probably the rate-
controlling step of adsorption according to the literature
(Gong et al. 2012, Yang et al. 2019, Huang et al. 2022). In
addition, the experimental adsorption capacity values, Q.
(mgppan/gnc),  using  Fe;0,@CS@CMC  and  FesOy@-
CS@CMC-SiNH; NCs are in agreement with the calculated
Q. values from the pseudo-second order model (Table S5).

Moreover, the adsorption capacities of lead (II) ion (Q.)
were evaluated under the optimum conditions of pH, dose,
temperature, and contact time using Fe;O0,@CS@CMC-
SiNH, NCs and different amounts of CMC during the synthe-
sis protocol. It was found that the values of Q. were approxi-
mately constant with increasing the amount of CMC from
0.05 g to 0.2 g. For instance, 96.45 mg/g, 97.34 mg/g, and

97.26 mgpyrn/gne were obtained when 0.05 g, 0.1 g, and
0.2 g of CMC, respectively. Therefore, 0.1 g of CMC was
selected for the rest of the studies in this work, and future stud-
ies could be performed to study the effect of the weight ratio
between chitosan and CMC on the removal of lead (II) ions.

3.4. Adsorption isotherms

Three adsorption isotherms models: Langmuir, Freundlich
and Dubinin-Radushkevich (DR), were tested to find the max-
imum adsorption capacity of lead (II) ion. Significant informa-
tion on the surface properties, affinities of the adsorbents, as
well as adsorption mechanism, can be obtained from the iso-
therm models. Fig. 5 shows the adsorption isotherms of lead
(II) ions using Fe;0,@CS@CMC and Fe;04@CS@CMC-
SiNH, NCs from the equilibrium experimental data. More-
over, the linear equations, plots, parameters and correlation
regression coefficients are presented in the Supplementary
Information (Table S6 and Figure S4), where, K|, K¢ and B
are the isotherm constants, and qs and (. are the maximum
adsorption  capacities  (mgppan/gnc) from  Dubinin-
Radushkevich and Langmuir models, respectively. The Lang-
muir isotherm model fits the experimental data of lead (II)
ion adsorption from aqueous solutions with high correlation
coefficients: R? = 0.9942 (Fe;0,@CS@CMC NC) and
R? = 0.9981 (Fe;0,@CS@CMC-SiNH, NC). The low values
of the Langmuir constant (K1) reflect the strong affinity of the
Fe;0,@CS@CMC (Kp. = 0.325) and Fe;04,@CS@CMC-
SiNH, (Kp = 0.353) NCs to lead (II) ions. In addition, one
of the important features of the isotherm model is the equilib-
rium parameter or separation factor (Rp), which is a dimen-
sionless constant. If the values of Ry are 0 or 1, the
adsorption is irreversible or linear. The adsorption is favorable
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Fig. 4 Figure 4.Adsorption kinetics of lead (II) ion removal (10 mg/L) using Fe;0,@CS@CMC and Fe;0,@CS@CMC-SiNH, NCs.
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Fig. 5 Figure 5.Adsorption isotherms of lead (II) ion removal using Fe;04@CS@CMC and Fe;04@CS@CMC-SiNH, NCs.

for 0 < Ry < 1 and unfavorable for R; > 1. For the Fes-
04@CS@CMC NCs, the values of Ry range between 0.03
and 0.97, and for Fe;04,@CS@CMC-SiNH, NCs, the values
of Ry range between 0.02 and 0.96, which are below 1. There-
fore, favorable adsorption exists due to the high affinity
between the synthesized NCs and the lead (II) ions, and the
monolayer chemisorption between lead (II) ions and the Fe;-
04,@CS@CMC and Fe;04,@CS@CMC-SiNH, NCs (Singh
and Bhateria 2020). Furthermore, the maximum adsorption
capacities were found to be 384.62 mgppan/gne and 555.56
mgpran/gne  using  Fe;04@CS@CMC  and  Fe;04@-
CS@CMC-SiNH,; NCs, respectively.

The data analysis using the Freundlich isotherm model,
which is mainly validated for multilayer adsorption and
heterogenous surface adsorption, is also presented in
Table S6. The values of the Freundlich constant (Kg), which
denotes the lead (II) ion adsorption capacity, were 52.37 and
138.12 for Fe;0,@CS@CMC and Fe;0,@CS@CMC-
SiNH, NCs, respectively. The adsorption intensity of the pro-
cess was evaluated by the values of 1/n and n. As shown in
Table S6, the Fe;0,@CS@CMC demonstrated values of
0.58 and 1.73 for 1/n and n, respectively. For Fe;O4@-
CS@CMC-SiNH, NCs, the values of 1/n and n were found
to be 0.35 and 2.84, respectively. Therefore, Fe;O,@-
CS@CMC-SiNH, NCs proved higher interaction with lead
(IT) ions due to the lower value of 1/n and the maximum value
of n in comparison to Fe;04@CS@CMC NCs values.

Besides, the type of adsorption mechanism could be recog-
nized using Dubinin-Radushkevich (DR) isotherm model. For
instance, if the adsorption free energy (E) is less than 8 kJ/mol,
then physisorption is the predominant mechanism. The calcu-
lation of E is presented in Table S6, where it can be deduced
that the proposed mechanism is chemisorption due to the free

energy values of 11.18 kJ/mol and 12.91 kJ/mol for Fe;O,@-
CS@CMC and Fe;0,@CS@CMC-SiNH, NCs, respectively.

3.5. Regeneration and reusability studies

The reusability tests were performed first using Fe;O4@-
CS@CMC NC for three consecutive cycles of lead (II) ion
adsorption (1 mg/L) from aqueous solutions without regener-
ation of the adsorbent under the optimum conditions of pH,
dose, temperature and time as discussed before. In this case,
a sharp decrease can be observed in the removal efficiency of
lead (II) ions from aqueous solution, which values were
93.03 %, 72.93 % and 60.23 % removed after the first, the sec-
ond and the third cycles, respectively, as shown in Supplemen-
tary Information (Figure S5). This could be attributed to the
decrease of the active sites of the adsorbent, decreasing the
interaction between the functional groups of the NC and lead
(IT) ion. However, enhancement of the reusability was proved
after regeneration of Fe;04@CS@CMC NC with nitric acid
(0.01 M) that desorbs the lead (II) ions from the surface of
the adsorbent nanomaterials and hence regenerates the active
sites of the NC as presented in Fig. 6. The reason is that nitric
acid was highly efficient for lead (II) desorption as reported in
the literature (Gong et al. 2005, Patel 2021). Fe;O,@-
CS@CMC NC shows a slight decrease in the removal effi-
ciency up to five cycles (93.03% to 88.29%), and then it
shows a decrease with saturation in the efficiencies of removal
in the case of cycles six and seven with values of 73.31%, and
74.11%. Moreover, the adsorption performance of Fe;O4@-
CS@CMC-SiNH, NC demonstrates stable efficiency for seven
cycles of adsorption—desorption with a slight decrease in the
removal efficiencies (Fig. 6) which is very important from the
economical point of view for water treatment in comparison
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(I1) ion (1 mg/L) removal from aqueous solution.

Table 1 Efficiencies of Fe;04@CS@CMC and Fe;0,@CS@CMC-SiNH, NCs toward tap water, and wastewater applications.
Analyte Characteristics of water Removal (%) using Fe;04@CS@CMC Removal (%) using Fe;04@CS@CMC-
NC SiNH, NC
Wastewater Wastewater Tap water Wastewater Wastewater Tap water Wastewater Wastewater Tap water
Inlet Outlet Inlet Outlet Inlet Outlet
pH 740 £ 0.06 7.22 £ 0.03 8.05 £ 0.05 10.0 £ 0.02 10.0 £ 0.02 10.0 £ 0.02 5.10 £ 0.01 5.10 = 0.01 5.10 = 0.01
Lead (I) N.D N.D N.D 863 £ 03 878 +£02 82 +04 88406 899 0.1 9.1 +04
Chloride  242.7 = 1.4 2279 £ 0.6 948 = 04 2.7 +£ 0.2 7.1 £ 0.3 150 £ 04 83 £ 0.2 156 £ 0.3 358 = 0.1
Sulfate 109.8 £ 0.5 786 £ 0.2 729 £ 0.1 144 £03 32 =+ 0.1 04 £ 0.1 2.5 £ 0.1 122 £ 02 92 +02
Nitrite 5.5 + 0.1 3.8 £ 0.1 6.4 + 0.2 10.0 £ 1.1 26.0 £ 0.6 303 +£03 4.1 +02 9.7 £ 0.1 85+ 03
Nitrate 14.1 £ 0.3 109 £ 0.2 8.7 = 0.1 0.11 £ 0.03 1.4 + 0.2 1.0 £ 0.1 0.0 0.0 0.0
Phosphate 149 + 0.2 5.0 £ 0.2 N.D 224 £ 04 450 £ 0.5 N.D 843 £ 0.8 100.0 = 1.1 N.D
Total 69.7 £ 0.5 28 +£ 0.1 51.0 £ 06 139 0.1 9.1 £0.2 384 £ 04 985+06 729 +£04 965+ 0.6
organic
carbon
Total 586 £ 04 627 £02 24 +02 259 £ 1.2 3.0 £ 0.1 2.0 £ 0.2 219 £ 1.1 37 £03 2.1 £ 02
nitrogen

to the reported studies (Rajput et al. 2016, Bao et al. 2017,
Perez et al. 2019, Singh and Bhateria 2020). Thus, Fe;O4@-
CS@CMC-SiNH, NC was selected for recyclability tests in
tap water and wastewater matrices applications.

3.6. Removal of lead (II) from tap water and wastewater

The efficiency of the synthesized adsorbents toward lead (II)
removal from tap water, and the wastewater was demonstrated
by spiking 1.0 mg/L as a result of the non-detectable lead (II)
ion in the real water matrices. Thus, Table 1 exhibits the main
characteristics of water (before the spiking of lead (II) ion and

applying the optimum conditions for the adsorption process as
well as the percentage removal of lead (II) ions as well as other
parameters of tap water and wastewater such as nutrients,
total organic carbon, salts of chloride and sulfate, and total
nitrogen. It can be observed that Fe;0,@CS@CMC-SiNH,
NCs have higher efficiency in the lead (II) ion removal from
the water matrices than Fe;04@CS@CMC NCs. The decrease
in the removal efficiency of lead (II) ions in tap water and
wastewater in comparison to its removal from aqueous solu-
tion could be attributed to the matrix effect. Also, the efficacy
of the Fe;04,@CS@CMC-SiNH, NC was extended to demon-
strate the removal of other components from wastewater such



10

A. Abo Markeb et al.

Table 2 Comparison of maximum adsorption capacity, Qy,, between Fe;0,@CS@CMC and Fe;O0,@CS@CMC-SiNH, NCs and

adsorbents studied in the literature.

Nanomaterials Qm (Mgppan/gnc) References
Fe;0,@CS@CMC@Si-NH, 555.56 This work
Fe;04-Glu-PDA 389.54 (Mahmoud et al. 2016)
UiO-66-ATA(Zr) 386.98 (Xiong et al. 2020)
Fe;04,@CS@CMC 384.62 This work
[2-AA]CoCl; MIL 344.80 (Abdi Hassan et al. 2022)
GO/Si0,/Fe;04 333.30 (Burakov et al. 2018)
Mercaptoamine-functionalized silica-coated magnetic NPs (MAF-SCMNPs) 292.00 (Bao et al. 2017)
MnO,-F-Chitosan 279.72 (Mahmoud et al. 2021)
B-CD@MRHC 266.20 (Liu et al. 2022)
TA@MNPs 210.50 (Das et al. 2022)
Activated Carbon and baker’s yeast 151.31 (Mahmoud et al. 2012)
Fe;04-SOsH 108.93 (Chen et al. 2017)
Water-soluble Fe;04 NPs 96.80 (Wang et al. 2012)
Ultrafine mesoporous Fe;O4 NPs 85.00 (Fato et al. 2019)
Fe;04 NPs 81.60 (Recillas et al. 2011)
Fe;0,@SiO,@PPy 65.09 (Mehdinia et al. 2020)
TiO,/SiO,/Fe;04-PAA 42.34 (Chu et al. 2019)
Activated carbon 24.32 (Mahmoud et al. 2012)
L-Cyst- Fe3;04 NPs 23.88 (Bagbi et al. 2017)
Cellulose- based bio-adsorbents 5.40 (Jaihan et al. 2022)
CdZnS/ZnS quantum dots 3.56 (Yasmeen et al. 2022)
B Tap water
100 4 EZzZz] Wastewater Inlet
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s .
- 7
S 60 )
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Fig. 7 Figure 7.Efficacy of Fe;04@CS@CMC-SiNH, NCs after five adsorption-desorption cycles of lead (II) ion (I mg/L) removal

from spiked tap water, inlet and outlet wastewater.

as chloride, phosphate and total organic carbon analysis in
comparison to Fe;0,@CS@CMC NCs as displayed in
Table 1.

In addition, a comparison study of the maximum adsorp-
tion capacity between the synthesized nanocomposites and
the adsorbent nanomaterials reported in the literature is pre-
sented in Table 2.

It can be observed that Fe;0,@CS@CMC and Fe;O04@-
CS@CMC-SiNH, NCs present adsorption capacities of lead
(IT) ions of 384.62 mgpyan/gnc and 555.56 mgppan/gncs
respectively, which are considerably higher than most of the
reported in the literature. The high values of Q. could be
attributed to the multifunctional properties of the synthesized
adsorbents with ammine and carboxyl functional groups that
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could enhance the formation of coordination bonds between
the lead (II) ions and the donor atoms as well as a higher num-
ber of active sites for lead (II) ions (Shoukry and Hosny 2012,
Bao et al. 2017). Moreover, the synthesized adsorbent nano-
materials offer magnetic separation due to the presence of
magnetite nanoparticles, which can reduce the cost of water
treatment instead of using an alternative methodology to sep-
arate the treated water and the adsorbent nanocomposites
(Abo Markeb et al. 2019).

3.7. Recyclability studies of Fe;0,@CS@CMC-SiNH, NCs
toward tap water and wastewater

Spiked tap water, inlet, and outlet wastewaters were spiked
with 1 mg/L of lead (II) ions and subjected to five adsorp-
tion—desorption cycles. As shown in Fig. 7, 92.66 % to 87.64
%, 89.25 % to 80.53 % and 90.56 % to 81.46 % adsorption
values were obtained when Fe;04@CS@CMC-SiNH, NCs
were applied to five adsorption—desorption cycles for tap
water, inlet and outlet wastewater, respectively. The slight

OH

decrease in the removal efficiency could be attributed to some
of the active sites on the Fe;04@CS@CMC-SiNH, NCs being
occupied by lead (II) ion or other analytes from the water
matrices that could not be completely desorbed. Hence, based
on the recyclability studies after the regeneration, Fe;O4@-
CS@CMC-SiNH, NC can be used as an economic and effi-
cient adsorbent for the removal of lead (II) ions from
wastewater as well as from tap water. In addition, the desorbed
lead (IT) ion can be used in industrial applications such as the
manufacturing of batteries, which can be conducted in future
studies (Bao et al. 2017). Also, the recyclability tests could
be further studied in the future with higher concentrations of
lead (IT) ions spiked into water matrices.

3.8. Selectivity tests

The removal of heavy metals using adsorbent nanomaterials
with higher selectivity is great implications for the water treat-
ment process. The selectivity tests were carried out in single
and mixed solutions containing 10 mg/L of each heavy metal;

NH OH n
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Fig. 8 Figure 8.Schematic illustration of the proposed adsorption mechanism of lead (II) ion on Fe;04@CS@CMC-SiNH, NCs.
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Cd(I), Hg(II), and Pb(II) ions to investigate the effect of other
inorganic contaminants on the lead (II) ions removal. The
results proved that the Fe;04@CS@CMC-SiNH, NCs could
remove individually 98.10 % of Pb(Il), and 15.79 % of Hg
(IT) ions, and it did not show any removal for Cd(II) ions.
Moreover, higher selectivity for lead (II) removal from the
aqueous solution was observed in the presence of other con-
taminants such as cadmium (II) and mercury (II) ions. For
instance, 97.21%, and 14.74 % of the removal were obtained
for Pb(II), and Hg(Il) ions, respectively. Therefore, the Fes-
04@CS@CMC-SiNH, NCs proved their efficacy towards
the elimination of lead (II) with high selectivity due to the
closeness of the removal percentage of lead (II) ions in single
and multi-heavy metals solution.

3.9. Adsorption mechanism

As previously explained, Fe;O,@CS@CMC-SiNH; NCs were
shown to have better efficiency toward lead (II) ion adsorption
in terms of maximum adsorption capacity, applications to tap
water and wastewater as well as its regeneration and reusabil-
ity. Therefore, it is important to elucidate the possible interac-
tion mechanism between the lead (II) ion and
Fe;04@CS@CMC-SiNH, NCs. Figure S6 shows the zeta
potential value of Fe;04@CS@CMC-SiNH, NCs. The zeta
potential is a significant method for understanding the surface
of nanoparticles and their stability in solution. If zeta poten-
tials are higher than + 30 mV, they will have high stability
(Singh and Bhateria 2020). The synthesized nanocomposites
show good stability with values of —42.8 mV, which indicates
the negative surface charge of Fe;04@CS@CMC-SiNH,
NGCs. In addition, a further demonstration of this chemical
interaction was illustrated in Fig. S2c. As shown, the intensity
of the —NH absorption peak was decreased with a slight shift
to a higher wavenumber after the interaction with lead (II)
ions. Hence, as illustrated in Fig. 8, a chemical interaction
between the lead (II) ions and the synthesized nanocomposites
is established by the formation of the complex (Li et al. 2019,
Huang et al. 2022). The obtained results of coordination
between the amide group and the heavy metals are in agree-
ment with the reported one (Dong et al. 2022).

Moreover, SEM pictures of the Fe;O04@CS@CMC-SiNH,
NCs before and after the adsorption of lead (II) ions are pre-
sented in the Supplementary Information (Figures S7 and S8).
The increase in the white part of Figure S7 is a result of the
lead (IT) ion adsorption on the surface of the nanocomposites.
The appearance of the peak at 2.3 keV in the Supplementary
Information (Figure S8) corresponds to the lead (II) ion.
Therefore, the adsorption process via a complex formation
between the -NH amide functional group of the nanocompos-
ite and the lead (II) ion seems the main mechanism of adsorp-
tion as presented in Fig. 8. Also, the structural stability of the
Fe;0,@CS@CMC-SiNH,; NCs after regeneration was studied
using XRD to evaluate its property of crystallinity (Figure S9).
It was illustrated that the NCs were still crystalline, and the
intensities of the peaks decreased. This could be attributed to
the effect of nitric acid as a desorbing agent. Therefore, the
NC could be potentially applied for further lead (II) ion
adsorption process.

4. Conclusions

A novel adsorbent nanomaterial, Fe;04@CS@CMC-SiNH, NC, has
been synthesized in this work, demonstrating a high efficiency for lead
(IT) ion removal from tap water and wastewater. Cubic morphology
with sizes ranging from 15 nm to 32 nm, crystalline and several func-
tional groups as well as stable NC have been demonstrated using char-
acterization techniques. Adsorption processes and RSM with BBD
have been applied for the optimization of lead (II) ions removal from
water using the synthesized adsorbent nanomaterials. The pseudo-
second-order with fast equilibrium within half an hour was found to
be the best-fitting model with the experimental data. Besides, favorable
monolayer chemisorption was obtained with a maximum adsorption
capacity of 555.56 mgpyan/gnc using Fe;04@CS@CMC-SiNH, NC.
Future studies could be performed for further information about the
different efficiencies of the two synthesized NCs by evaluating the sur-
face area using BET analysis. Also, future FTIR analysis could be per-
formed to understand the mechanism of interaction between the lead
(IT) ions and the NCs without modifications by using APTES. More-
over, high efficiency of the adsorbent, Fe;O4@CS@CMC-SiNH,
NC, was proved for seven adsorption—desorption cycles of lead (II)
ion (1 mg/L) removal from aqueous solution as well as five adsorp-
tion—desorption cycles of spiked lead (II) ion (1 mg/L) into drinking
water and wastewater. Therefore, the high uptake adsorption capacity
and the magnetic separation of Fe;O,@CS@CMC and Fe;O4@-
CS@CMC-SiNH, NCs towards lead (II) ions indicate that the adsor-
bents under investigation could be used as potential adsorption
nanomaterials for lead (II) ion removal from polluted drinking water
and wastewater.
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