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m INTRODUCTION Consequently, studies are now focused on the search for

The ongoing pollution of water bodies with heavy efficient and sustainable sorbents for the removal of

metals is a serious threat to environmental and human heavy metals from aqueous solution. Adsorption has

health integrity, largely due to their toxic, persistent, and been projected as an alternative process that is easy,

bio-accumulative nature. Heavy metal influx into aquatic highly efficient, and reusable. Using modified natural

systems is largely attributed to industrial activities like materials as sorbents was found to be a successful and

mining, electroplating, and manufacturing [1-2]. Perhaps sustainable approach [8-10].

the most poisonous metal, lead (Pb), enters water bodies Cellulose, being the most widely occurring natural

through industrial effluent, rusty pipes, and mining. polymer, has also proven to be a good sorbent due to the

Chronic exposure to Pb has been linked with neurological fact that it is renewable, biodegradable, and structurally

disease, dwarfism in children, renal failure, and flexible [11]. Unmodified cellulose does not possess

circulatory dysfunction in adults [3]. Commonly released sufficient active sites for efficient metal ion adsorption,

into the environment by industrial effluent, agricultural ~ Put it is accomplished with chemical modifications and

runoff, and electroplating, cadmium (Cd) poses a serious the incorporation of functional groups to bring about

risk to human health due to its carcinogenicity and kidney enhancement in adsorption efficiency. One such pivotal

damage. Poor bone formation, and oncogenicity are approach is inclusion of Schiff base parts, which have

among the major health risks associated with Cd, which is been observed to exhibit striking metal ion chelating
inevitably released into the environment through  ability. Schiff base complexes formed through
industrial effluents, agricultural runoff, and electroplating condensation of primary amines with carbonyl
operations [4-6]. Conventional remediation processes, compounds feature imine functional groups (C=N)
like chemical precipitation and solvent extraction, are ~ having very high metal ion affinities [12]. All the
inefficient as well as economically unfavorable for trace  alterations make cellulose a good and selective adsorbent

metal concentration removal in most cases [7]. for adsorption of heavy metals. Cellulose functionalized
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with carboxylic acid and Schiff base groups is likely to
improve metal adsorption because of the higher number
of binding sites. Current research is focused on
optimizing the potential of cellulose-based sorbents by
incorporating valuable Schiff base derivatives and hybrid
materials [13]. A prime example is the synthesis of
chitosan-di-aldehyde cellulose hybrids via Schiff base
reactions, which has resulted in sorbents with improved
mechanical stability and higher heavy metal adsorption
capacity. Such advances highlight the enormous potential
of chemically modified naturally occurring polymers in
[14-15].
Moreover, kinetic studies are valuable in understanding

solving environmental pollution issues
the efficacy and mechanisms of adsorption processes.
Using kinetic adsorption examination and extrapolating
experimental results to kinetic models, investigators can
provide information concerning the tendencies in
adsorbate-sorbent interaction [16].

While cellulose-Schiff base (CSB) modified cellulose
exhibited

behavior, which is often associated with chemisorption

materials pseudo-second-order  kinetic
[17], additional investigations are necessary to fully
elucidate  the

coefficients and activation energy are related to transport

adsorption mechanism. Diffusion
kinetics and energy barriers for adsorption. Kinetic study
under strict conditions of such modified materials
remains a less studied research area in the realm of
investigation.

Here, the synthesis of new CSB sorbents with iron
(Schiff 1) and zinc (Schiff 2) is presented. Removal of Cd
and Pb ions from simulated wastewater and wastewater
by the sorbents was evaluated. SEM, EDX, TGA, FTIR,
and elemental analysis were applied to analyze both
sorbents. Using the batch process, the role of pH, time,
initial concentration of ions, and temperature adsorption
was analyzed. Adsorption kinetics and desorption in
regeneration experiments were examined.

m EXPERIMENTAL SECTION

Materials

Cellulose  ((CsH10Os)n,  99%),  phosphorous
oxychloride (POCl;, 99%), ethanol (C,HsO, 99.8%),
dimethylformamide (DMF, 99.8%),
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tetraethylenepentamine  (TEPA, 95%), thiourea
(CH4NS,S, 99%), ethylene diamine tetracetic acid (EDTA,
99%), iron chloride (FeCls;, 98%), zinc chloride (ZnCl,,
98%), NaOH (98%), and HNO; (70%) were Aldrich
products. All additional material was utilized exactly as
received; all chemicals were Prolabo products. Metal ion
included Cd and Pb
concentration of 1000 ppm.

sources solutions with a

Instrumentation

The functional groups of the synthesized sorbent
were identified using a Bomen Michelson Fourier
transform infrared (FTIR) spectrophotometer, model
MB157 (Canada). The crystalline structure was analyzed
with a Shimadzu X-ray diffraction (XRD) instrument,
model XD-DL (Kyoto, Japan), covering a diffraction
angle (20) range of 4-70°. Thermal analysis was
performed to assess phase transitions and mass
variations within a temperature range from ambient
conditions up to 650 °C. The surface morphology of the
prepared sorbent was characterized using a JEOL JSM-
5400 scanning electron microscope (SEM, Japan) and a
FEI Quanta FEG-250 system equipped with energy-
spectroscopy (EDX).
analysis was carried out using Perkin Elmer 2400 CHN
ICP (720 ICP-OES, Agilent
Technologies) was used to assess the metal ions under

dispersive  X-ray Elemental

elemental analyzer.

study. Using an Adwic pH meter, the concentration of
hydrogen ions in the various solutions was determined.

Procedure

Synthesis of the CSB and its metal complexes

Preparation of CSB. First, 10 g of cellulose were
combined with 200 mL of DMF and allowed to stand for
1 h. Subsequently, 18 mL of POCI; were introduced into
the mixture and subjected to mechanical stirring for
over 15 min. The resulting cellulose chloride (Cell-Cl)
was isolated via filtration and thoroughly washed with
DMF, distilled water, and a 5% NaOH solution. It was
then rinsed again with distilled water and air-dried. In a
separate step, 42 mL of TEPA and 14 g of thiourea were
refluxed in a DMF medium at 60 °C for 3 h. Following
this, 10 g of Cell-Cl were added to the mixture under
continuous stirring. The reaction mixture was heated to
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80 °C and stirred for 5 h. The final product, modified CSB,
was obtained after filtration, washing with distilled water
and ethanol, and air-drying. Fig. 1 represents a simplified
flowchart for CSB preparation. The CSB preparation
could be expressed according to Eq. (1-3) [18].

Cellulose-OH + POCI; - Cell-Cl + HPOCI, (1)
TEPA + Thiourea (heat) - Intermediate product(s) (2)
Intermediate product(s) + Cell-Cl (heat) - CSB (3)

Synthesis of metal complexes. To synthesize Schiff
base adsorbent 1, 5.0 g of CSB were dissolved in 50 mL of
absolute ethanol. This solution was then added dropwise,
under constant stirring, to 30 mL of an ethanolic solution
containing 2.5g of anhydrous ZnCl,. The reaction
mixture was stirred in a closed system at 50 °C for 4 h to
ensure complete reaction. The resulting precipitate (Schiff
1) was then filtered, washed with distilled water, and dried
at room temperature.

For Schiff base adsorbent 2, the same procedure was
followed, with the exception that 2.5 g of anhydrous FeCl,
were used instead of ZnCl,. Specifically, 5.0 g of CSB were
dissolved in 50 mL of absolute ethanol. This solution was
added dropwise to 30 mL of an ethanolic solution
containing 2.5 g of FeCl;, under constant stirring. The
reaction mixture was stirred at 50 °C for 4 h. The resulting
precipitate (Schiff 2) was then filtered, washed with
distilled water, and dried at room temperature.

Chemical stability studies of prepared CSB

The chemical stability of the synthesized adsorbent
in both acidic and alkaline environments was evaluated by
independently immersing a measured quantity of CSB in
100 mL of varying concentrations of NaOH and HNOs
(0.5 and 1 mol/L). The CSB was soaked for 24 h in each
medium, after which its stability was determined. The

10 g cellulose + 200 DMF + 18 mL POCI; filter and
wash using DMF, distilled water 5% NaOH
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prepared Schiff base was filtered, dried, and assessed for
structural integrity and performance.

Adsorption batch experiments

A variety of experimental factors influencing the
adsorption procedure were evaluated. Some of these
factors were the initial concentrations of both heavy
metal ions, the pH of the solution, and the duration of
contact. Using HNO; or NaOH solutions (0.1 mol/L),
the pH of the mixture was changed from 1.0 to 6.0. The
adsorption investigations were completed in batches
utilizing a hotplate magnetic stirrer and 25 mg sample
sections of Schiffs 1 and 2, separately combined with a
specific volume of Cd or Pb ion solution in a 50 mL glass
flask. Subsequently, the mixture was shaken at ambient
temperature for 2h. The remaining metal ion
ICP
equilibration. Schiffs 1 and 2 were separated by

concentration was measured using after
filtration. Eq. (4) was employed to estimate the
adsorption capacity (q).
q= (Cinitial _Cfinal )XV/m (4)
After each experiment was conducted three times,
the standard deviation was employed to ascertain the
averaged findings. The Cd and Pb solutions (25 mL
solutions of 100 mg/L at pH 4.0 for Schiff 1 and 5.0 for
Schift 2) were treated with 25 mg of Schiff 1 and 2,
separately at 25 °C with different shaking times from 15
up to 90 min. The effect of both elements ions was
studied using various concentrations of 25-200 mg/L.
The coexisting ions effect (Na, Ca, Ti, Cr, and V) with
similar concentration with the target elements was
evaluated. The efficacy of metal ion adsorption was
assessed under the previously adjusted adsorption
conditions.

] [ 42 mLTEPA+ 14 g thiourea + DMF, 60 °C, 3 h ]

N

J

[ Refluxing, 5h,80°C ]

l

([ Modified cSB ]

Fig 1. Flow chart for preparation of CSB
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Adsorption kinetics

The adsorption kinetics were comprehensively
examined in this section by using 25 mg of each adsorbent
with 25 mL of pH 4.0 for Schiff 1 and pH 5.0 for Schiff 2,
with feed solutions containing the ions of the studied
elements at concentrations from 25 to 200 mg/L of each
component independently. The feed solution and
adsorbents were agitated in Cd and Pb solutions for 45
and 60 min. Four distinct stirring temperatures between
25 and 50 °C were used for the experiments, which were
carried out in a glass flask. Plotting the adsorption
isotherms for Pb and Cd on Schiff 1 and 2 was done using
the adsorption which was
determined using Eq. (5) and (6) following each test. The
adsorption kinetics of Schiff 1 and 2 adsorbents for Cd(II)
and Pb(II) ions were calculated by analyzing the stirring

efficiency percentage,

time parameters. Two kinetic models, pseudo-first-order
and pseudo-second-order, were used [19].

K
log(qe—qt)=logqe—(23;3jt (5)
t 1 1
— =+t (6)
Qe kz‘le de

Desorption and regeneration studies

By separately contacting the loaded adsorbents with
various eluents at a concentration of 0.5 mol/L, such as
H,SO,, HCl, and HNOs;, as well as EDTA, Cd(II) and
Pb(II) desorption from the loaded Schiff 1 and 2
adsorbents was carried out. The desorption conditions
were standardized to a 30-min stirring duration, 20 mL of
eluent solution, 40 mg of loaded adsorbents, and a stirring
rate of 250 rpm at ambient temperature. Both adsorbents
were filtered post-experiment and the remaining eluents
were analyzed thoroughly for Cd and Pb ion content to
determine optimal desorption conditions. The two
adsorbents' regeneration efficiencies (%) were calculated
using a defined equation Eq. (7) by repeating the
adsorption/desorption cycles;
Regeneration efficiency (%)

Target elements recovery in (n+ l)th run (7)

= x100%
Target element recovery in 1°'run

wheren = 1,2, or 3, etc. After each cycle, the sorbents were
rinsed with distilled water and reused for subsequent
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adsorption operations. The optimal adsorption and

desorption  parameters were applied in the

adsorption/desorption process.

Evaluation using actual raffinate solutions

Testing Schiff 1 and 2 on waste solution. Raffinate
solution was collected from Glass and Ceramics
Company, as Pb is used in glass manufacturing,
including leaded glass and crystal products. In contrast,
Cd is used in glass coloring agents and ceramic glazes.
Substantial concentrations of Cd(II) and Pb(II) were
identified in this real solution. The retrieval of these
target elements was examined using the synthesized
following the established

adsorbents, previously

adsorption parameters.

m RESULTS AND DISCUSSION
Evaluation of the Schiffs 1 and 2 Adsorbents

XRD results

The XRD patterns of the two adsorbents are
presented in Fig. 2 with the Schiff 1 curve representing
the CSB modified with Fe and the Schiff 2 curve
corresponding to the CSB attached to Zn(II) ions. Schiff
1 pattern exhibits characteristic peaks at approximately
35.4 and 43.1°, corresponding to the (311) and (400)
planes of Fe, confirming the successful incorporation of
Fe particles [20-22]. In contrast, the Schiff 2 pattern
showed a notable peak near 22.6°, which may be
associated with Zn(II) ions coordinated to the Schiff base

Schiff 2

—— Schiff 1

Counts (a.u.)

T T T T T T T T T
10 20 30 40 50
29 (deg)

Fig 2. XRD pattern of the Schiffs 1 and 2 adsorbents
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structure or the formation of a Zn-containing phase [23].
The broad background signals in both patterns reflected
the semi-crystalline nature of the cellulose matrix, while
the sharp peaks confirmed the respective modifications
with Fe and Zn(II) ions. There is noticeable similarity in
XRD patterns which suggested that the overall crystalline
structure of the CSB was largely maintained after the
metal complexation. The absence of distinct Fe peaks in
Schiff 1 could be related to that the Fe is likely dispersed
amorphously or in very small crystalline domains, which
are below the detection limit of XRD analysis.

EDX results

The EDX analysis of the two prepared adsorbents
(Fig. 3) revealed several key elemental features. The
prominent peaks corresponding to carbon (C) and
oxygen (O) were indicative of the cellulose backbone,
indicating the presence of hydroxyl groups and the
polysaccharide structure, as expected for organic
polymeric materials [24-25]. The presence of nitrogen (N)
(S) in the

incorporation of the amine and thiourea groups as imine

and sulfur spectrum confirmed the
(C=N) linkages [26], which play a crucial role in the
formation of the Schiff base structure [27-28]. For Schiff
1, The Fe-specific peak at 6.4 keV (Fe K.,) further verifies
the successful coordination of Fe ions within the Schiff
base structure, suggesting that Fe is integrated into the
adsorbent [29]. Otherwise, for Schiff 2, the distinct peak
for Zn around 8.6 keV (Zn K,) confirmed the attachment
of Zn(II) ions to the CSB matrix. The intensity of the Zn
signal reflects effective coordination between the Schiff
base ligands and Zn(II) ions facilitated by the electron-
donating imine nitrogen atoms. This functionalized
material demonstrates potential for applications in

C
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adsorption, catalysis, or as an antimicrobial agent due to
the known activity of Zn-based compounds. A peak for
phosphorus (P), which is at about 2.01 keV, indicates
residual phosphate groups or phosphorus-containing
reactants from the synthesis procedure. Indicated Cl
peak may be attributed to chemicals or by-products in
the functionalization process. The results indicate that
the CSB adsorbent is a matrix with metal coupled with
an organic polymeric composite, which most likely
increases its efficiency in adsorbing a wide range of
pollutants, including heavy metals [30-31].

FTIR data

Fig. 4 shows the FTIR spectrum of Schiff 1 and 2
adsorbents. The stretching vibrations of the hydroxyl
(O-H) groups from the cellulose backbone are linked to
a broad band seen in the 3200-3500 cm ™' range [32-33].
Imine bond formation (C=N), a characteristic of Schiff
base ligands, is confirmed by a noticeable absorption peak

Schiff 2

3

8

@

o .

E ——Schiff 1
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Fig 4. FTIR-spectra of Schiffs 1 and 2
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(1] 170

Fig 3. EDX-chart of the (a) Schiff 1 and (b) Schiff 2
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in the 1600-1640 cm™ region [8,34]. Its successful
integration into the Schiff base framework is confirmed
by additional peaks in the 1200-1400 cm™ range that
correspond to thiocarbamide (C=S or C-NH) groups
produced from thiourea.

Metal coordination is directly demonstrated by
distinct peaks in the 400-600 cm™" area. Fe—N and Fe-S
stretching vibrations are represented by bands in the
range of 450-500 cm™ for Fe-functionalized CSB. While,
for Zn-functionalized materials, bands appeared at 430-
500 cm™ correlate to Zn-N and Zn-S stretching
vibrations [35]. The cellulose backbone's peaks, including
the (C—H) stretching (2800-3000 cm ™) and the (C-O-C)
vibrations (1100-1150 cm™) [36], are still there but could
show slight changes as a result of the chemical changes.

TGA data

The TGA profiles of Schiffs 1 and 2 (Fig. 5)
demonstrated distinct thermal decomposition patterns,
significantly influenced by the specific metal ions (Fe or
Zn) coordinated with the CSB. The initial weight loss
observed below 150 °C for both adsorbents is attributed
to the evaporation of physically adsorbed water and
possibly residual solvent molecules from the synthesis
process [37]. The primary decomposition phase for Schiff
1 occurred between approximately 200 and 400 °C,
corresponding to the degradation of the CSB backbone
and the cleavage of coordinated bonds with Fe ions.
Similarly, Schiff 2 exhibited its significant weight loss in a
comparable temperature range, albeit with slightly higher
thermal stability than Schiff 1. The enhanced thermal
stability in Schiff 2 may be attributed to the stronger

T P U

cV SpotMagn Det WD Exp
1 1ix BSL 89 0
- R oy

Fig:g 6. SEM images for (a) Schiff 1 and (b)<Schiff 2 adsorbents
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bonding interactions between the zinc ions and the CSB,
consistent with prior findings that zinc coordination
complexes tend to exhibit higher thermal resistance than
their Fe counterparts [38]. The final weight residues
observed above 500 °C likely represented thermally
stable metal oxides (Fe,O; for Schiff 1 and ZnO for Schiff
2), which align with the thermal decomposition
products commonly reported for metal-coordinated
cellulose derivatives [39]. Overall, the results suggest
that the nature of the metal ion plays a critical role in the
thermal behavior of CSB complexes.

Adsorbent Morphology

The SEM images of the synthesized Schiff
adsorbents are presented in Fig. 6(a) and 6(b). The SEM
analysis indicated a textured surface morphology with
heterogeneous particle distribution. The adsorbent

100 + ——Schiff 2
80
60 -
40 -
20

0

T T T T T T
0 100 200 300 400 500

100+ — Schiff 1

Weight loss (%)

80 -
60 -
40
20 -

T T T T
200 300 400 500
Temperature (°C)

Fig 5. TGA chart of Schiffs 1 and 2

T
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exhibited a structure composed of spherical particles of
uniform size. The existence of multiple prominences and
gaps
effectiveness and promoted faster diffusion of the solution.

between granules enhanced the adsorption

Elemental Analysis Data

The elemental analysis of CSB derived from the
reaction between pentamine and thiourea in the presence
of Fe and Zn ions separately provides insights into the
composition and ion incorporation within the material.
For Schiff 1, the N content (7.0%) corresponded to the
amine and thiourea groups in the Schiff base, while the S
content (1.8%) confirmed the presence of the thiourea
functionality, while for Schiftf 2 (7.3% and 1.5%,
respectively). The proportions of C and H remained in
alignment with the cellulose backbone, at 46.0% and 8.0%
for Schiff 1, and 47.0% and 7.5% for Schiff 2. The
elemental analysis in both cases confirmed the successful
integration of metal ions into the cellulose, highlighting
the dual functionality of these Schiff base adsorbents in
eliminating heavy metals from water.

Data of Chemical Stability Analysis

The acid and alkaline stability of CSB was studied
because of its importance in catalysis and adsorption
applications. The modified CSB was discovered to be
acid-stable due to the strong covalent bonding achieved
upon modification. In alkaline media, however, the
compound is destabilized via the possible degradation of
the imine (C=N) bond, which is most degradable at high
pH [40-41]. However, this problem can be addressed by

Schiff 1
| |
801 l/ .\l
/ ™ ~ \l
o e
60 - / [ ]
—_ /
(= n/
> /
£ .
o //
% 40 W/
/ ¢
201 / —n—cq(l)
¢ —o—ph(ll)

T
1 2 3 4 5 6

q, (mg/g)
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incorporating functional groups and cross-linking
agents in the process of modification to improve the
stability and resistance of the material to alkaline
conditions. The pH conditions have far-reaching effects
on the stability of modified CSB, with acidic conditions
poised to improve structural stability, but with alkaline
conditions possibly needing additional modifications to
advance durability. The pH-dependent character
indicates the necessity of tailoring the material to

applications in order to realize maximum efficiency.

Optimization of Adsorption Conditions

Influence of pH
A series of experiments were carried out to
examine the effect of pH on the adsorption performance
of Cd(II) and Pb(II) ions onto the two adsorbents. The
pH levels in these experiments were changed from 1.0 to
6.0, while the experimental conditions were kept
constant. The involved mechanism can be described
using in the Eq. (8) [42];
CSB-M; + M, = CSB-M, + M;
where M;: Fe(III) or Zn(II) and M,: Cd(II) or Pb(II)
The effect of pH on the ion exchange mechanism

(8)

of CSB adsorbents attached to Fe and zinc is significant,
as it influenced the protonation state of the adsorbent,
the solubility of the metal ions, and the overall efficiency
of the ion exchange process. As illustrated in Fig. 7(a) for
Schiff 1, raising the pH of the aqueous phase from 1.0 to
6.0 led to a notable enhancement in the adsorption of
both Cd(II) and Pb(II) ions onto the investigated
adsorbent. The adsorbed quantities of Cd(II) and Pb(II)

80
Schiff 2

60+

e
-
40 - /
l?.
[ J
20 —®— Cd(I)
u —0—Phb(ll)
[ ]
1 2 3 4 5 6

pH

pH
Fig 7. Effect of pH on the adsorption of Cd(II) and Pb(II) on Schiffs 1 and 2
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ions increased from 23 and 15 to 83 and 77 mg/g,
respectively. As a result, the optimal pH was typically 4.0.
As a lower pH (<4), CSB may become protonated,
reducing its ability to coordinate with incoming metal
ions, while at higher pH (> 6), Fe(III) tends to hydrolyze,
forming insoluble Fe(OH)s;, which diminishes its
availability for ion exchange [43-44]. In contrast, for Schiff
2 (Fig. 7(b)) the optimal pH range was 5.0 as the adsorbed
amounts of Cd(IT) and Pb(II) ions were found to be 70 and
63 mg/g, respectively. At pH < 5, protonation of CSB and
competition with H* ions reduce ion exchange efficiency,
while at pH > 6, Zn(II) may hydrolyze, forming Zn(OH),,
which limits its participation in the exchange process [45].
In both cases, the pH should be controlled to ensure the
CSB remained deprotonated and available for binding
while preventing the hydrolysis of the attached metal ions
((Fe(III) or Zn(II)) and the target metal ions (Cd(II) or
Pb(II)) [46]. This balance ensures efficient ion exchange
and high adsorption capacity for the target metals.

The point of zero charge (pH,.) plays a crucial role
in determining the adsorption efficiency of modified CSB
adsorbents for metal ions like Cd(II) and Pb(II). The pHy,.
of Schiff 1 was estimated to be 5.0, while Schiff 2 exhibited
alower pH,,. of approximately 5.5. At a solution pH below
the pH,.., the surface of the adsorbent remains positively
charged due to protonation of active sites, leading to
electrostatic repulsion with metal cations. However, as the
solution pH increases beyond the pH,., the surface

gradually becomes negatively charged, enhancing
Schiff 1
| ]
80 / \-\
u P L
/ / —
/l ./ — °
70 e
/
= .
> u
g 60 /,o’
s d/
50 -/ .
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40 4 ° —e—Phy(ll)
T T T T T T
15 30 45 60 75 90
Time (min)
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electrostatic attraction between the adsorbent and metal
ions. The optimal adsorption of Cd(II) and Pb(II) ions
was observed at pH 4 for Schiff 1 and pH 5 for Schiff 2,
suggesting that these pH conditions provided a favorable
balance between sufficient deprotonation of functional
groups and metal ion solubility. At these pH levels, the
adsorbent surfaces likely carried a partial negative
charge, facilitating strong electrostatic interactions and
coordination with Cd(II) and Pb(II). Additionally, the
presence of Zn and Fe modifications could influence
local surface charge distribution and metal-binding
affinity, further optimizing adsorption performance at
these specific pH conditions.

Influence of time

Fig. 8(a) and 8(b) demonstrate the consequence of
stirring duration on the adsorption of Cd(II) and Pb(II)
ions using Schiffs 1 and 2 adsorbents. Experiments were
conducted under static conditions over intervals ranging
from 15 to 90 min. For Schiff 1, the adsorption of Cd(II)
and Pb(II) ions increased and achieved equilibrium (83
and 77 mg/g, respectively) after 45 min. In contrast,
Schift 2 required 60 min to reach maximum adsorption
for both ions. Beyond these timeframes, the adsorption of
the target elements on both adsorbents slightly declined.
Initially, the presence of available active sites and
functional groups on Schiffs 1 and 2 facilitated rapid
adsorption of the ions. However, as the active sites became
occupied, the adsorption rate decreased significantly due
to steric hindrance, which slowed the access of ions to

Schiff 2
70 ]

60 e
Y — .
J

/o
40 - I/
/,0
304 w/
/d
|| //
20 _/./ —=— cd(l)
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15 30 45 60 75 90

Time (min)

Fig 8. Effect of stirring time on the adsorption of Cd(II) and Pb(II) on Schiffs 1 and 2
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remaining unoccupied sites. The adsorption processes for
Cd(II) and Pb(II) on Schiffs 1 and 2 reached equilibrium at
45 and 60 min, respectively, establishing these durations
as the optimal contact times for subsequent experiments.

Influence of concentration and temperature

Fig. 9 demonstrates the influence of initial
concentration and temperature on the adsorption
capacity of Cd and Pb ions using the prepared Schiff
adsorbents while keeping other factors constant.
Experiments were conducted with initial concentrations
of Cd(II) and Pb(II) ranging from 25 to 100 mg/L and
temperatures varying between 25 and 50 °C. The results
revealed that raising the starting concentrations of Cd and
Pb ions from 25 to 200 mg/L led to an enhancement in the
adsorbed amounts to 96 mg/g for Cd(II) and 88 mg/g for

Pb(II) on Schiff 1. For Schiff 2, the adsorbed amounts rose
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to 87 mg/g for Cd(II) and 79 mg/g for Pb(II). At lower
metal ion concentrations, ample binding sites were
accessible, whereas, at higher concentrations, the limited
availability of binding sites caused more metal ions to
remain in the solution, reducing adsorption efficiency.
Besides, the adsorption of both the metals onto Schiff
adsorbents was also enhanced with the decrease of
temperature from 50 to 25°C. The decrease of
adsorption on the rise in temperature is suggestive of a
chemisorption mechanism that hints towards the fact
that the Cd(II)/Pb(II) interactions with adsorbents are
exothermic in nature [47-48].

Adsorbent dose influence

Fig. 10(a) and 10(b) highlight the impact of
adsorbent dosage by varying the weight of the two
synthesized Schiff adsorbents between 10 and 50 mg.

100
80
60

40

204
—=—20°C
—=—30°C
—=®—40°C
—=—50°C

Schiff 1
Pb(ll)

T T
80 100 120

100

80
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Fig 9. Effect of initial concentration and temperature on the Cd(II) and Pb(II) adsorption on Schiffs 1 and 2
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Fig 10. Effect of adsorbent amount on the adsorption of Cd(II) and Pb(II) on Schiffs 1 and 2

First, 25 mL solution containing 100 mg/L of Cd(II) and
Pb(II) ions was used for the study, while all other conditions
were kept consistent. Increasing the adsorbent weight
from 10 to 50 mg resulted in a significant reduction in the
uptake of Cd(II) and Pb(II) ions. With the concentration
of the ions remaining unchanged, the observed reduction
in uptake is likely due to the higher adsorbent weight,
which provides more significant number of available
adsorption sites. This site increase reduces the relative
uptake of the ions.

Additionally, using smaller amounts of adsorbent
can accumulate substances and spacer blockage, further
hindering absorption. The buildup and steric hindrance
enhance the diffusion of metal ions on the adsorbent
surface. This effect is exacerbated by the limited surface

area in low-dose adsorbents, resulting in insufficient
overall surface area and reduced absorption efficiency.

Adsorption Kinetic Results

The predominant mechanism governing the
adsorption of Cd(II) and Pb(II) ions onto the Schiff
adsorbents was examined using two kinetic models:
pseudo-first-order and pseudo-second-order. The rate-
determining step for both models involved metal ions'
adsorption onto the adsorbents' active sites. The kinetic
modeling fitting curves and calculated parameters are
presented in (Fig. 11) and detailed in Table 1.

The graphical representations in Fig. 11 and the
derived parameters in Table 1 for both pseudo-first-
order and pseudo-second-order kinetics indicate that the

Table 1. Quantitative measurements of the rate at which Cd and Pb ions are adsorbed onto Schiff adsorbents

Schiff 1 Schiff 2

Pseudo-1*-order

Cd(I1) Pb(II) Cd(I1) Pb(II)
qe (exp.) 83.0 77.0 70.0 63.0
qe (cal.) 120.1 109.5 150.4 130.3
k; 0.022 0.043 0.043 0.051
R? 0.973 0.941 0.964 0.971
Pseudo-2"-order
qe (cal.) 93.0 88.0 80.0 70.2
k, 1.54x 1073 3.11x103 2.12x10° 3.53x1073
R? 0.987 0.983 0.988 0.984
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Fig 11. Kinetics modeling fitting Schiff 1 and 2 adsorbents
adsorption reaction mechanism is predominantly = Cd and Pb separately and releasing Fe(II) and Zn(II)

governed by the pseudo-second-order model. This
conclusion is supported by the higher R* values for the
pseudo-second-order model compared to the pseudo-
first-order model for Cd(II) and Pb(II) ions on the
synthesized adsorbents. Additionally, the calculated
equilibrium adsorption capacities (g (cal.)) for pseudo-
with  the
experimentally determined capacities (q. (exp.)) for both
Schiff adsorbents. This model implies that the adsorption
rate is constrained by the valence forces responsible for

second-order  kinetics  closely align

electron sharing or exchange between the adsorbent and
the adsorbate.

Adsorption mechanism

The CSB acts as a chelating agent, forming a complex
with Fe(III) and Zn(II). When Cd(II) and Pb(II) were
introduced, they displaced Fe and Zn from the complex
due to competitive binding, forming a new complex with

ions into the solution. The Cd(II) and Pb(II) selectivity
of Fe(Il) and Zn(Il) in the CSB can be explained by
applying the hard-soft acid-base theory (HSAB),
supplemented with ionic radius-based rules. Cd(II) is a
relatively softer acid in HSAB theory due to its relatively
larger ionic radius, smaller charge density, and higher
polarizability, whereas Fe(III) and Zn(II) are hard acids
due to their smaller ionic radii, higher charge densities,
and lower polarizability [49-50]. Nitrogen and oxygen
are the donor atoms of the soft bases of CSB. Soft base
donor atoms coordinate softer acids such as Cd(IT) over
harder acids such as Fe(III) and Zn(II). This is because
there is increased orbital overlap and increased covalent
interaction of the soft acid Cd(II) with the soft base CSB
[42]. Furthermore, Cd(II) ionic radius (0.95 A) is greater
than Fe(III) (0.64 A) and Zn(II) (0.74 A) [50]. Due to its
greater size, there is room for looser accommodation of
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Table 2. Comparison of Schiff adsorbents uptakes with other adsorbents

Adsorbent material

Target metal

Uptake (mg/g) Ref

Rice husk ash 45.7 [54]
Biochar (sulfur-modified) 168 [55]
Zeolite (natural) 38.2 [56]
Graphene oxide/zeolite Cd(In 195.7 [57]
Peat moss 88 [58]
This work 77 and 83
Modified guar gum 88 [59]
Functionalized silica nanoparticles 210 [60]
Orange peel 70 61
Grouidiut shell Pb(ID) 52 {62}
MOF-based composite 240 [63]
This work 63 and 70

Cd(II) in the CSB coordination sphere, which is 100 -

somewhat flexible due to its cellulose backbone. S

Due to its intermediate Lewis acidity, Pb(II) readily g ad

competes with the harder Zn(II) and Fe(IIl) for é 60 -

complexation with the Schiff base ligand. The ability of =

these ligands to adjust their coordination geometry is '%_ il . l

particularly advantageous for accommodating the larger g 20 1

ionic radius of Pb(I) (1.19 A), which is considerably o

greater than that of Fe(III) and Zn(II), ultimately leading ¢ HCI H.SO0. HNO- EDTA

to the formation of stable complexes [51-53]. Eluent type

uCd mPb

Desorption and regeneration results

The primary objective of this study is to retrieve Cd
and Pb ions adsorbed onto the Schiff adsorbents.
Desorption experiments were conducted to better
understand the adsorption mechanism, using HCI,
HNO:;, H,SO,, and EDTA as eluting agents, as shown in
(Fig. 12) Among these, nitric acid and EDTA
demonstrated higher desorption efficiencies for Cd and
Pb ions compared to H,SO4 and HCI. This is attributed to
the strong chelating ability of EDTA and the relatively
higher strength of HNOs. For Cd, HNOs achieved 90 and
88%
respectively, while for Pb, the efficiencies were 85 and

desorption efficiencies for Schiff 1 and 2,

80%. However, complete recovery of both metal ions from
the adsorbents was achieved using 1.0 M EDTA without
damaging the adsorbents. This highlights 1.0 M EDTA as
the most effective eluent for Cd and Pb ions, attributed to
its multifunctional groups that form stable complexes
with the metals, enabling efficient recovery. Furthermore,

Fig 12. Desorption efficiency for Cd(II) and Pb(II)

four consecutive adsorption and desorption cycles for
Cd and Pb ions were conducted on the Schiff adsorbents
under the optimized conditions identified in this study.
Table 2 emphasized comparison of the obtained uptakes
of prepared Schiff adsorbents towards Cd and Pb ions
compared to another adsorbent. It was concluded that
these CSB adsorbents exhibited promising adsorption
capacities for future wastewater treatment applications.

m CONCLUSION

This study highlights the potential of CSB
adsorbents, Schiffs 1 and 2, as efficient and sustainable
materials for removing Cd and Pb ions from aqueous
solutions. The synthesis and characterization of these
adsorbents demonstrated improved surface properties
and the presence of active sites, contributing to their
high efficiency in heavy metal adsorption. The
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adsorption mechanism exhibited characteristics of
chemisorption, following pseudo-second-order kinetics.
The maximum monolayer adsorption capacities were
determined to be 83 mg/g for Cd and 77 mg/g for Pb on
Schiff 1, while Schiff 2 demonstrated capacities of 70 mg/g
for Cd and 63 mg/g for Pb. Optimal adsorption
conditions included a feed solution pH of 4.0 for Cd and
5.0 for Pb, stirring durations of 45 and 60 min for Cd and
Pb ions, a metal ion concentration of 100 mg/L, and room
(25+£2°C). Additionally, EDTA was
identified as an effective desorbing agent, facilitating the

temperature

recovery of Cd and Pb ions over 4 consecutive cycles.
These results emphasize the potential of modified CSB
adsorbents as cost-effective and environmentally friendly
solutions for addressing heavy metal contamination in
wastewater treatment applications.
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