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Abstract: Modified chitosan hybrids were obtained via chemical reaction of chitosan with
two pyrazole aldehyde derivatives to produce two chitosan Schiff bases, Cs-SB1, and Cs-
SB2, respectively. FTIR spectroscopy and scanning electron microscopy confirmed both
chemical structures and morphology of these Schiff bases. Thermal gravimetric analysis
showed an improvement of thermal properties of these Schiff bases. Both chitosan Schiff
bases were evaluated in a batch adsorption approach for their ability to remove Cu(ll) ions
from aqueous solutions. Energy dispersive X-ray for the Schiff bases adsorbed metal ions in
various aqueous solutions was performed to confirm the existence of adsorbed metal ions on
the surface substrate and their adsorptive efficiency for Cu(ll) ions. Results of the batch
adsorption method showed that prepared Schiff bases have good ability to remove Cu(ll) ions
from aqueous solutions. The Langmuir isotherm equation showed a better fit for both
adsorbents with regression coefficients (R? = 0.97 and 0.99, respectively) with maximum
adsorption capacity for Cu(ll) of 10.33 and 39.84 mg/g for Cs-SB1 and Cs-SB2, respectively.
All prepared compounds, pyrazoles and two chitosan Schiff bases, showed good
antimicrobial activity against three Gram +ve bacteria, three Gram —ve bacteria and Candida
albicans, with varying degrees when compared to the standard antimicrobial agents.

Keywords: pyrazole-chitosan Schiff bases; Cu(ll) ions; batch adsorption method;
antimicrobial activity

1. Introduction

Accumulation of heavy metal in ecological communities is considered to be a
global issue. Both human health and the natural system are threatened by the
accumulated heavy metals in drinking water. Environmental pollutants by heavy
metals are considered to be one of the most important issues [1]. Release of heavy
metals into the environment may also result via volcanic eruptions and the
weathering of rocks [2,3]. The harmful effects of most heavy metals on living
organisms are observed when their concentrations exceed the environmentally
permitted limits. These pollutants can be absorbed by marine organisms and are not
biodegradable. Heavy metals have a tendency to accumulate in living tissues,
causing disruption of the human body once their concentrations reach a level where
they can penetrate the food chain [4]. Industrial wastewater-related transition metal
poisoning is an important problem. Transition metal ions are released in different
amounts by a wide range of applications as the mining, metallurgical, electroplating
pigment, and leather industries. Zinc, cadmium, chromium, copper, lead, manganese,
and iron are the most common metal ions found in both natural and industrial
effluent [5]. Copper organic complexes with strong chemical stability and high
solubility in water are difficult to eliminate with traditional adsorbents. A novel
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amidoxime nanofiber (AO-Nanofiber) with the p-m conjugated structure was
fabricated through homogeneous chemical grafting coupled with electrospinning and
applied to capture cupric tartrate (Cu-TA) from aqueous solutions [6]. Some studies
were performed on the removal of palladium metal ions via nanofibers modified by
8-hydroxyquinoline [7] and by 2-Thionicotinic acid [8]. Hence, to protect both
public health and the environment, it is crucial to reduce the presence of certain
heavy metals in water sources. Chitosan polymers are considered to be semi-artificial
amino polysaccharides with significant structural features, very contemporary
applicability, and used on a large scale in biomedical industrial fields [9]. Chitosan is
a naturally occurring bioactive polymer that is freely available, nontoxic, edible,
renewable, natural, and biodegradable and has the property of biocompatibility [10].
Chitosan exhibits many advantageous biological properties, such as hemostatic,
anticancer, and antimicrobial activities, that facilitate wound healing [11]. It is also
applied in various industrial fields as water purification, plant security, drug delivery,
restorative materials and metal particle chelation [12—14]. Chitosan is regarded as a
good natural adsorbent for Cu, Ni, Cr, Zn, and Pb metal ions. These factors may be
due to the presence of both hydroxyls and primary amino groups, which are thought
to be sorption sites, as well as the flexible chain structure of the polymer, which
serves as an appropriate supplier for the complexity of metal ions [15]. Many
publications have been conducted on chelating polymers based on chitosan. It
demonstrated the improved sorption capabilities for the intended ions in either single
or mixed solutions as well as the higher stability or reusability of the innovative
chitosan-based resins [16—18]. The reactive amino groups are utilized to carry out a
number of reactions. One of these examples is the reductive amination process that
resulted in a chemical reaction between aldehydes and the amino groups of chitosan
[19]. The Schiff bases produced from this chemical reaction are an important class of
ligands that can chelate some metal ions via their azomethine nitrogen atom [20].
The C=N bond in azomethine derivatives is important since some of these
derivatives are found to have significant biological activities [21]. Schiff bases are
used in wide and various applications as catalysis, analytical chemistry, fungicidal
and agrochemical, in addition to both food and dye industries [22,23]. The
prevalence of deep mycosis needs a greater focus on finding new, more potent
antimicrobial medications with fewer side effects. Schiff bases and their metal
complexes are known as remarkable stereochemical models in coordination
chemistry of the main group and transition metals because of readily available
preparation methods and structural diversity [24]. There are some Schiff base-
functionalized siloxanes that have been discovered as promising candidates for
decreasing toxic metal concentrations in water [25,26]. On the other hand, these
materials and their complexes have also generated an interest in homogeneous
catalysis [27]. It was determined that the most significant chitosan derivatives were
produced through chemical reaction of Schiff bases because modified chitosan
exhibited exceptional properties and they were used in both pharmacological and
medicinal application fields [28,29]. In 2022, it was investigated that some newly
prepared aldehydes were reacted with chitosan to obtain chitosan-Schiff-base
derivatives that were subsequently utilized as adsorbents for metal ions such as
Zn(I1), Cu(Il), and Cr(IIl) [30]. In addition, it was demonstrated that chitosan has
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reacted with salicylaldehyde and some of its derivatives in aqueous solutions to
afford chitosan Schiff base derivatives that act as adsorbents for Cu(Il) ions [31].
Moreover, chitosan-Schiff-base compounds showed a wide range of uses as biocides
[32], in coordination chemistry as well as metal chelating agents [33]. It was
reported that many attempts to produce chitosan-Schiff bases by its modification
with the aldehyde moiety of pyrazole carbaldehyde to achieve improved
antimicrobial activity. Different pyrazole derivatives were applied to perform a series
of Schiff bases of chitosan [34]. Many compounds with pyrazole moiety have shown
strong antimicrobial, anticancer, and antioxidant activities [35-37]. This work aims
to prepare new pyrazole-based aldehydes containing two different aromatic rings to
react with chitosan since the formed chitosan-Schiff bases can be utilized in the
adsorption of Cu(Il) metal ions from aqueous solutions. Performance of a series of
batch adsorption experiments under various experimental conditions as pH, initial
concentration of Cu and adsorbent mass. Evaluation of antimicrobial activities of all
prepared compounds against some types of microorganisms was also carried out.

2. Experimental

2.1. Materials

Chitosan (MW 100-300 kDa 82% degree of deacetylation) was purchased from
Across Organics, Belgium. Potassium persulfate (KPS), CuCl, 2H,O. All other
chemicals were of fine grades and all solvents were distilled before use.

2.2. Characterization techniques and analysis
2.2.1. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded on a Shimadzu IR-spectrometer (FTIR 8201)
Japan, at room temperature within the wavenumber range of 4000 to 400 cm ™' using
KBr discs.

2.2.2. Thermogravimetric analysis (TGA)
Thermogravimetric analysis was carried out on a TGA-50H thermogravimetric

analyzer, Shimadzu, Japan. Samples were heated from 50 up to 800 °C in a platinum
pan with a heating rate of 10 °C/min, in N, atmosphere of flow rate 25 mL/min.
2.2.3. Scanning electronic microscopy (SEM)

The dry samples were spread on a conducting adhesive tape, pasted on a
metallic stub. The morphologies of the tested samples were investigated and imaged
with a scanning electron microscope (SEM) (QUANTA FEG 250 ESEM, USA). This
was accompanied by energy dispersive X-ray spectroscopy (EDAX AMETEK Inc.;
Mahwah, NJ, USA) at an acceleration voltage of 15 kV. The films were fixed on the
surface of a sticky tape.

2.3. Preparation of hydrazine derivatives

Two derivatives of hydrazine were prepared by the reaction of hydrazine
hydrate with 4-methoxy acetophenone, acetyl thiophene (in separate) taking
equimolar ratios of each in glacial acetic acid and refluxing for 6 h. The reaction
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mixture was then treated with diethyl ether and left overnight to collect the white
solid product affording the hydrazine derivatives.

2.4. Preparation of pyrazole-aldehyde derivatives

Hydrazine derivative (1.0 mol) was added to 2.0 moles of dimethylformamide
and phosphorus oxychloride (DMF-POCIs) and left overnight at room temperature.
KOH/methanol solution (10%) was added to the reaction mixture that was refluxed
for 3 h and left to cool producing two pyrazole aldehyde derivatives [38]. The two
afforded derivatives named, 3-(4-methoxyphenyl)-4-metheleme-1H-pyrazole and 4-
methelene-3-(thiophen-2-yl)-1H-pyrazole with codes Pzl and Pz2, respectively, are
represented in Scheme 1 (See Figure 1).

OMe
OHC
H T /N’\N
HsCy+.c R - H
H,c R HsC T OH Pz1
T'E POCI; IDMF N B
P N~
H2N H OHC s
clo, _ / ¢
1 2 ﬂ
Pz2

Figure 1. Preparation of pyrazole aldehyde derivatives.

Each aldehyde was added in an equimolar amount to the aforementioned solution.

2.5. Preparation of chitosan-Schiff-base derivatives

0.1 mole of chitosan was dissolved in 1% acetic acid. Each prepared aldehyde
was added in an equimolar amount to the above solution. The reaction mixture was
stirred for 6 h at room temperature. This reaction mixture was poured onto ethanol,
boiled and then left overnight to obtain the chitosan-Schiff base derivatives as solid
products. This preparation is represented in Scheme 2 (See Figure 2).
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Figure 2. Preparation of the two chitosan-Schiff base derivatives.
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2.6. Adsorption of Cu(II) metal ions using a batch method adjusting pH
level

Adsorption of copper metal ions was performed by applying the batch
adsorption experiments [39]. 20 mL of CuCl,-2H,O solution with a concentration of
5 x 10~ mol/L was placed in an Erlenmeyer flask to obtain a solution of pH 7. There
are two other solutions of CuCl, with pH 4 and 9 were prepared by using acetic
acid/sodium acetate (AcOH/NaOAc) and NH4sOH/NH4CI buffer solutions to adjust
the pH level for studying the metal ions uptake at both acidic and alkaline mediums,
respectively. Various adsorbent masses, 0.05, 0.10, 0.15 and 0.20 g were used and
added and the adsorption equilibrium was attained after 60 min at 25 °C. The formed
phases were separated by centrifugation (6000 rpm), and the amount of Cu(Il) ions
uptake from the solution was calculated by applying the following relationship
(Equation (1)):

R% = (Co— C/Cy) x 100 (1)

where (R%) is the removal efficiency; Co = Initial concentration of Cu(II) ions in the
solution; Cy: The equilibrium of Cu(Il) ions.

2.7. Antimicrobial activity

Antibacterial activity of the tested samples was evaluated using a modified
Kirby-Bauer disc diffusion method [40]. Briefly, 100 mL of the microorganisms
were grown in 10 mL of fresh media until they reached a count of approximately 108
cells/mL for microorganisms [41]. 100 mL of microbial suspension were spread onto
agar plates corresponding to the broth in which they were maintained. Isolated
colonies of each organism, that might be playing a pathogenic role, should be
selected from primary agar plates. They were examined for susceptibility by the disc
diffusion method [42,43]. Of the many media available, the National Committee of
Clinical Laboratory Standards (NCCLS) recommended Mueller-Hinton agar due to
its good results in batch-to-batch reproducibility. Antibacterial activity of the
prepared hydrogels was investigated against three types of Gram +ve bacteria
(Staphylococcus aurous and Bacillus Subtitles) and three Gram —ve bacteria
(Streptococcus faecalis and Escherichia coli) and Fungus (Candida albicans). Plates
are inoculated with microorganism at 35-37 °C for 24-48 h [40]. Standard discs of
Ampicillin (Antibacterial agent) and Amphotericin B (Antimicrobial agent) have
served as positive controls for antibacterial activity but filter discs impregnated with
10 mL of solvent (distilled water, chloroform, DMSO) have been used as negative
controls. The agar used is Mueller-Hinton agar that is rigorously tested for
composition and pH. Further, the depth of the agar in the plate is considered to be a
factor in the disc diffusion method. This method is well documented and standard
inhibition zones have been determined for susceptible and resistant values. Blank
paper discs (Schleicher and Schuell, Spain) with a diameter of 8.0 mm were
impregnated with 10 mL of the tested concentration of the stock solutions. When a
filter paper disc, impregnated with a tested chemical is placed on agar, the chemical
will diffuse from the disc into the agar. This diffusion will place the chemical on the
agar only around the disc. The size of the area of chemical infiltration around the
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disc was determined by the solubility of the chemical and its molecular size. If an
organism is placed on the agar, it will not grow around the disc if it is susceptible to
the chemical. This area of no growth around the disc is known as a “clear zone” for
the disc diffusion, the zone diameters were measured with slipping calipers of the
NCCLS [41]. Agar-based methods such as E-test and disc diffusion are considered to
be good alternatives because they are simpler and faster than broth-based methods
[44,45].

3. Results and discussion

3.1. Chemistry

Hydrazine hydrate reacted separately with 4-methoxy acetophenone and acetyl
thiophene and the obtained derivatives were used to prepare 3-(4-methoxyphenyl)-4-
metheleme-1H-pyrazole Pzl and 4-methelene-3-(thiophen-2-yl)-1H-pyrazole with
codes Pz2, respectively, as described previously in experimental section. These
aldehydes reacted with chitosan under the above-mentioned conditions to obtain two
chitosan-Schiff bases Cs-SB1 and Cs-SB2. The chemical structure of both aldehydes
and chitosan-Schiff bases was confirmed via FTIR spectroscopy. Thermal stability of
the chitosan-Schiff bases was determined via thermogravimetric analysis. The
prepared chitosan-Schiff bases products Cs-SB1 and Cs-SB2 were utilized to test the
performance of adsorption of Cu (II) ions in aqueous solutions.

3.2. Characterization of pyrazole aldehydes and their chitosan-Schiff
bases

The IR of the prepared pyrazole aldehydes Pzl and Pz2 as well as their
chitosan-Schiff base derivatives Cs-SB1 and Cs-SB2 are represented in Figure 3 and
are agree well with their chemical structures. For pyrazole aldehyde derivatives, Pz1
and Pz2, the appeared IR bands at 3250 and 3245 cm ™' are related to the vibration
stretching of their NH groups and the peaks at 3010 and 3101 cm ™' assigned the CH
of the two pyrazoles respectively. The aliphatic CH vibration stretching of both
pyrazoles is represented by the IR peaks at 2781 and 2923 cm™'. The IR bands of
carbonyl group, C=0, of the two pyrazoles aldehydes have appeared at 1702 cm .
For Pz1, the IR peak that appeared at 1597 cm ™' is for C=N and the other one at 1463
cm ! assigned to the aromatic C=C groups of pyrazole ring while these two groups
are characterized by the two IR peaks at 1578 and 1462 cm ™' for Pz2. The thiophene
moiety as side chain of the pyrazole aldehyde Pz2 is represented by the presence of
the IR bands at 840 and 707 cm™' which may be related to both C-S and C-S-C
groups. The two chitosan-Schiff bases derivatives, Cs-SB1 and Cs-SB2 are
characterized by their IR spectral data and represented in Figure 3. The two
overlapping functional groups, NH and OH are characterized by the IR stretching
vibration band at 3430 cm . Changes in the IR spectrum is observed by the
formation of imine groups, -N=CH- in the chemical structure of the two prepared
chitosan-Schiff bases (Pz1 and Pz2) and are confirmed by the presence of two IR
peaks at 1637 and 1625 cm™' which is accompanied by the disappearance of the C=0
aldehydic groups. This can easily confirm the formation of the Schiff base
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derivatives.

The IR spectral data of the prepared derivative, Cs-SB1 in addition to its copper
metal chelate is represented by Figure 4. It is clearly noticed that a slight shift for the
IR band at 1637 cm™' that assigned the -N=CH group to 1592 cm™' due to the
chelation process with the copper metal. This is supported by the development of the
appearent IR peaks at 419 and 458 cm ™' due to the formed -N—Cu linkage.

=

— .
Pz2
Cs-SB1 If., -N=CI at 1637
Cs-SB2 L7 N=CHat 1625

4000 3500 3000 2500 2000 1500 1000 500
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Figure 3. IR of two prepared pyrazoles Pz1 and Pz2 and their chitosan-Schiff bases.
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Figure 4. IR of Cs-SB1 and its copper metal ion chelate.

3.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis of chitosan in addition to its corresponding two
Schiff bases Cs-SB1 and Cs-SB2 were performed for the films in an inert
atmosphere within the range of 50 and 800 °C, with three-time repetitions, and are
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displayed in Figure 5. TGA curves show that the first degradation step of Cs occurs
in the range of 105-175 °C with a weight loss % of 6.5%. This loss in weight at the
beginning of decomposition is caused by the release of water molecules from
chitosan and this is followed by a slow degradation rate to record a weight loss of
11.5% at 200 °C. The second stage of degradation of chitosan begins at 225 to 370
°C at which it loses 35% of its weight. This weight loss may be related to the
degradation of polymeric chains of chitosan. The last stage of decomposition is
drastic and starts nearly at 400—600 °C is corresponding to the cracking of pyranose
rings. The weight loss at these higher degradation temperatures 400, 500 and 600 are
37.4, 73.7 and 82.8 respectively. For the two chitosan-Schiff bases, it is observed that
there is a difference in both the starting decomposition temperatures and the rate of
degradation other than chitosan. The onset decomposition temperature of both Cs-
SB1 and Cs-SB2 is 221 and 172 °C respectively. The Cs-SB1 showed weight loss of
6.3 and 32.7% at 300 and 400 °C whereas Cs-SB2 had weight loss of 14.5% and
34.7% at the same temperatures. At elevated temperatures, 500 and 600 °C, the
weight loss % of the two Schiff bases reached 58.4 and 76.4 for Cs-SB1 and 61.6
and 80.8 for Cs-SB2 respectively.

120 +

100

weight loss%
[=)]
(=]

0 T T T 1
0 200 400 600 800

temperature °C

Figure 5. TGA of Cs and its Schiff bases, Cs-SB1 and Cs-SB2.

3.4. Scanning electron microscopy

Morphological investigation of control chitosan Cs, its two Schiff bases, Cs-
SB1 and Cs-SB2 in addition to their metal-adsorbed samples at different applied pH
of the reaction (ranging from 4 to 9) was performed using a scanning electron
microscope. As shown in Figure 6, the SEM image of Cs displays a relatively
nonporous smooth surface. Again, in Figure 6, it is observed that some surface
changes occurred for both Cs-SB1 and Cs-SB2 samples since they seem to have
surface roughness and pores. This was a confirmation on the performed coupling of
the chitosan amino group with the given pyrazole aldehydes to afford the two Schiff
bases.
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Figure 6. SEM of (a) Cs; (b) Cs-SB1; (c) Cs-SB2.
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3.5. Cu(ll) adsorption studies using a batch method
3.5.1. Effect of pH on metal ions adsorption

Two chitosan-Schiff bases, Cs-SB1 and Cs-SB2 were prepared and used as
adsorbent substrates for Cu(Il) ions in aqueous solution using the batch adsorption
method. This study concerns the effect of the pH of the applied medium, the
adsorbent mass, well as its chemical structure on the efficiency of metal removal.
The applied pHs were 2, 4, 7 and 9 whereas the adsorbent masses were 5, 10, 15 and
20 g/L. Figure 7a,b shows how these factors affect the Cu(Il) removal from the
aqueous solution by both Cs-SB1 and Cs-SB2. It is noticed that the metal ion
removal efficacy (R%) has increased as the pH increases from 2 to 9 at different
concentrations of the applied adsorbent [46]. The first adsorbent Cs-SB1, clearly
shows that there is an increase of metal ion uptake on increasing both pH and
adsorbent mass. On using adsorbent mass amounts of 0.05, 0.1, 1.5 and 2.0 g/L, the
detected % of metal ion uptake at pH 2 is 24.4, 26.6 42.4 and 56.3 while at pH 4 it
reached 42.1%, 48.8%, 68.7% and 70.1% respectively. However, the R% of metal
ions uptake, at pH 7, recorded 65.6%, 71%, 89.3% and 90.5%. The percentages of
Cu(Il) metal ion removal, at pH 9, on using this adsorbent (Cs-SB1) with the
aforementioned masses reached 75.8, 85.8, 94.2, and 95.1 respectively. Therefore, it
could be concluded that there was no significant increase in the removal of metal
ions from the aqueous solution when the mass amount of adsorbent increased from
1.5 g/L to 2.0 g/L. The second prepared chitosan-Schiff base, Cs-SB2, shows a small
increase in the adsorption of metal ions when using the same mass amounts of
adsorbent and the results behave in the same trend. The removal percentages of
Cu(II) ions using Cs-SB2 were detected as follows: at pH 2, the metal ions uptake is
22.8,44.6, 61.3, and 64.3, at pH 4, these percentages are; 48.8%, 63.3%, 84.2%, and
85.6%. At pH 7, metal ions uptake was recorded at 76.67%, 91.4%, 93.1%, and
94.2%; while at pH 9, it reached 90.82%, 93.17%, 94.2%, 96.3%. As a result, the
observed data showed that percentages of metal ions, R%, are dependent on both
adsorbent mass amount and the working pH. Figure 7 shows that the increase of the
adsorbent weight from 0.05 to 1.5 g/L increases metal ions uptake significantly, but
after that weight the growth becomes moderate. This may be due to competition
between metal ions and biosorption [47]. In other words, as the adsorbent mass
increases, a lower decrease in metal ion removal is observed and this is related to
sorption sites present with different affinities [48].

10
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Figure 7. (a) Cs-SB1; (b) Cs-SB2 for R% removal of Cu(ll) metal ions removal as a function with pH and adsorbent

masses

The effect of pH or the acidity of the medium, on the other hand, may be used
to explain why Cu(ll) removal increased with pH as the hydrogen ions could easily
compete with the metallic ions for active sites of the adsorbent surface. So, at low
pH values, the functional groups of the adsorbent were ionized and appeared in a
positively charged protonated state. Electrostatic repulsion between the metal cations
and these protonated groups may hinder the metal ions from adsorbing onto the
surface substrate [49]. At higher pH values, the retention of metal ions becomes
almost steady because small amounts of metal cations begin to deposit as hydroxides
and this further supports the cation chelation on the adsorbent. The potency of
investigated prepared chitosan-Schiff bases for removal of metal ions from agueous
solutions can also be explained on the basis of its chemical structure. These Schiff
bases have the stable azomethine group, -N=CH-, that can coordinate with some
metal ions [50,51]. The imine group of Schiff bases has a considerable role in the
stabilization of the formed metal complexes since it binds the sites of some transition
metals to form coordination complexes [52].

Regarding the chitosan-Schiff bases of pyrazole derivatives in this study, the
working molecules contain nitrogen, oxygen (Cs-SB1) with high electronegativity
enhancing the interaction between the functional group and the metal ions [53]. Cs-
SB2 which has a thiophene ring with a sulfur atom adding more electronegativity for
this ligand molecule, may cause higher efficiency for metal removal.

11
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3.5.2. Effect of contact time on metal ions adsorption

On using the adsorbent mass amount of 20 mg/L at a pH of 9 and 25 °C, the
effect of time on the metal ions adsorption was discussed. The findings are given in
Figure 8. The results show the affinity of Cs-SB1 to adsorb the tested metal ion,
Cu(ll), is slightly higher than Cs-SB2. For Cs-SB1, it is obvious that the adsorption
of Cu(ll) ions ratio at the first 10 min showed about 29.4%, reaching higher than
96.5% during 60 min and this may be due to the more active sites for adsorption.
After that time, no significant increase is shown from 70 to 90 min due to occupation
of the available adsorption sites. At this stage, which is nearly at a plateau, the
adsorbent's surface pores closed off and reached their maximum capacity for
absorption due to the agglomeration of metal ions on the surface of the adsorbent
[54].
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Figure 8. Effect of contact time of Cs-SB1 and Cs-SB2 on metal ions removal %.

3.5.3. Effect of temperature on metal ions adsorption

Figure 9 shows the effect of temperature on the adsorption capacity of the two
investigated chitosan Schiff bases for Cu(Il) ions at a 20 mg/L concentration at pH =
9. The higher temperature was shown to significantly increase the adsorption
capacity at equilibrium. The removal efficiency of copper ions adsorbed, at
equilibrium, by Cs-SB1 was increased from 67.3% to 92.5% when the reaction
temperature was raised from 10 to 20 °C. On the other hand, the percentages of
removal efficiency of copper ions adsorbed by Cs-SB2 when the temperature was
increased from 10 to 20 °C are 61.5% and 82.9%. The relative increase in the
removal of the metal ions may be due to the increase of mobility of ions in solution
by increasing temperature [55].

12
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Figure 9. Effect of temperature on metal ions removal % by Cs-SB1 and Cs-SB2.

s-SBL, pH4 |

N
5

261
22,
203
174
145
16| fo x

87 |

S8 B X

29] Cul CuKa

o - 4 sl 2

00 20 40 60 80 100 120 140 160 180

Lsec: 3000 Cnts 0.000 keV' Det: Octane Pro Det Reso
Element  Weight% Atomic % Netlint. Emor %
CK 8325 62.4 40.36 8.75

OK 3331 29.31 166 153

Figure 10. SEM image of Cs-SB1/Cu(ll) at pH of 4 and 9, its EDX profile and analysis of elemental constitutes in
weight %.

13



Journal of Polymer Science and Engineering 2025, 8(1), 11536.

Further explanation for the potency of the Schiff bases under study, Cs-SB1 and
Cs-SB2 for Cu(Il) metal ions removal from aqueous solutions is confirmed by SEM
investigations and given in Figures 10 and 11 which clarify the amount of adsorbed
Cu(Il) by these Schiff bases at pH values of 4 and 9 whereas the mass amount of
adsorbent is 0.15 g/L via their SEM images. Figure 10 shows the amount of
adsorbed Cu(Il) by Cs-SB1, which appeared in the form of spotlights, is higher at a
pH of 9 with some aggregation on the surface. The EDX graph exhibited the
existence of all elemental components of both the adsorbent and the adsorbed metal
which gives evidence for its adsorption on the substrate surface and the characteristic
peak of Cu was around 8 keV. The graph clearly shows that the chemical
composition of Cs-SB1/Cu(Il), at a pH of 9, in weight % (C, N, O and Cu) was
recorded (53.25 wt%, 6.79 wt%, 33.31 w% and 6.65 wt% respectively).

Cs-SB2, pH4

KB Cu Ka

1 B
%0 20 W*.slo-kﬁoo 120 40 160 180
Lsec: 3000 Cnts 0000 keV Dot Octane ProDet _ Reso
Element  Weight%  Atomic %  Netint Error %
CK 40.68 54.35 1234 1477
N K 719 8.24 1.04 5145
oK 28.67 2875 13.84 158
SK 11.02 5.52 3909 59
Cuk 12.44 3.14 8.26 166

Figure 11. SEM image of Cs-SB2/Cu(ll) at pH of 4 and 9, its EDX profile and analysis of elemental constitutes in
weight %.

Figure 11 represents the adsorption of Cu(Il) by Cs-SB2 under the same
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conditions and also exhibits the increase of metal ions adsorbed on the Schiff base
surface at pH 9 compared to that at pH 4. EDX graph indicates that the characteristic
peak of Cu appeared near 8 keV and the percentage weight of elements of the given
material shows the chemical composition of Cs-SB1/Cu(Il). The given chemical
composition of Cs-SB1/Cu(Il), at a pH of 9 with a mass amount of 0.15 g/L, in
weight % (C, N, O, S, and Cu) recorded (40.68 wt%, 7.19 wt%, 28.67 wt%, 11.02%
and 12.44 wt% respectively).

3.5.4. Adsorption isotherms well-suited to the adsorption of, adsorption
well-fitting

Langmuir (LH) isotherm correlations showed the values of regression
coefficient, (R2 = 0.99, 0.96, respectively). The given results indicate well-fitting
adsorption of Cu(Ill) ions on Cs-SB1 and Cs-SB2 adsorbents with LH. The
determined sorption capacity (gm) for metal ions Cu(Il) on Cs-SB1 and Cs-SB2 was
calculated by using the Langmuir model (Equation (2)).

Celgn = Celg. + 1/(K1q.) 2

where (Kz): Langmuir constants, and (¢»): maximum adsorption capacity, (C.): the
residual amount, and ¢g. the adsorption capacity at equilibrium, respectively. It was
determined that maximum adsorption capacity (¢») = 10.33 and 39.84 mg/g,
respectively) (Table 1). So, Cs-SB2 exhibited higher adsorption capacity than Cs-
SB1 [56].

Table 1. Adsorption isotherm.

37 y = 0.0968x+ 0.8738
RZ=0.9789
2 -
© —t—C5-SB1
o
L-‘: ——Cs-SB2
Graph
1 y =0.0251x+ 0.1086
-—_J./'in—.g-%fl.
0 T T T 1
0 5 10 15 20
Ce (mg/L)
Cs-SB1 Cs-SB2
Calculations R?=0.97 R2=0.99
gm = 10.33 mg/g gm = 39.84 mg/g

3.5.5. The recycle regeneration properties

The reusability of the adsorbents Cs-SB1 and Cs-SB2 was studied. For
regeneration of the adsorbents, they were washed by the use of a solution of 0.1 M
NaOH and the formed materials were used in cycles consequently, by repeating the
regeneration/adsorption experiment for 5 cycles. It was observed that high efficiency
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towards the adsorption of Cu(Il) ions and accordingly, the % removal of Cu(Il) ions
was slightly decreased in the five cycles. This was indicated by the stability of the
adsorbents (Figure 12).

100 +
90 -
80 -
70 -
60 -
50 - W (Cs-5B2

%Removal

40 - W (Cs-SB1
30
20 ~

10 -
1 2 3 4 5

Cycle
Figure 12. Recyclability of Cs-SB1 and Cs-SB2 adsorbents in removal of Cu(II)

ions.

3.5.6. Antimicrobial activity of investigated compounds

The antibacterial activity of all investigated samples was carried out and Table
2 displayed their screening data. The investigation was performed against some
Gram +ve (B. Subtitle and St. aurous) as well as some other Gram —ve bacteria (St.
faecalis and E. coli). Antifungal activity of the compounds under test was carried out
against C. al

Table 2. Antimicrobial activity of investigated prepared compounds.

Inhibition zone diameter (mm/mg sample)

Sample B. Subtitle  St. aurous  St. faecalis  E. coli C. albicans
G +ve G -ve Fungus
DMSO 0.0 0.0 0.0 0.0 0.0
Cs 7 %13 10 *12 8 +£0.06 10+0.11 7 *0.22
Pz1 11 09 1315 10 +0.23 12+0.18 8 *0.16
Pz2 12 24 13+0.09 11+0.15 14 +0.21 10=0.11
Cs-SB1 15 *15 17 +0.16  14+0.26 15+0.09 11+0.13
Cs-SB2 18 11 18+0.06 17 +0.14 19012 14x0.24
Cs-SB1-Cu(ll) 19 +21 19+0.17 17 *0.22 20+0.27 15=0.07
Cs-SB2-Cu(ll) 19 +32 19+0.13 18 +0.09 20+0.14 15=*0.12
Ampicillin (100 pg/mL) 20+05 18 0.5 18 +0.6 22+0.6

Amphotericin B (100 pg/mL) 19 +0.27

The antimicrobial activity is represented by measuring the diameters of growth
inhibition zones in mm. The given results revealed that all the tested compounds
showed interesting and considerable antimicrobial activity, however, with a degree of
variation. The results show that the inhibitory effects of chitosan derivatives (Cs-SB1
and Cs-SB2) are higher than those of both native chitosan and the prepared pyrazole
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derivatives against all tested microorganisms with respect to the reference
antibacterial and antifungal agents. The pyrazole derivative Pz2 and its chitosan-
Schiff base, Cs-SB2, exhibited a significant increase in inhibitory potency compared
to both Pz1 and Cs-SB1. Cs-SB2 shows antibacterial activity against both Gram +ve
types of bacteria, B. Subtitle and St. aurous, to reach 90% and 100% respectively. It
shows also good activity against the two tested G —ve bacteria St. faecalis and E. coli
to record 94 and 86% respectively while its antifungal activity was 73.6%. All results
are compared to the two antimicrobial reference drugs. Further antimicrobial
evaluation was carried out for the two chitosan-Schiff bases adsorbed copper metal
ion, Cs-SB1/Cu(Il) and Cs-SB2/Cu(Il). Both antibacterial and antifungal activity of
these two samples exhibited higher efficiencies than their corresponding chitosan-
Schiff bases against all tested microorganisms with no appreciable differences in
their activities. Figure 13 displays the antimicrobial efficacies of investigated
compounds against the microorganisms under test in comparison with the standard
antimicrobial agents. Results of antimicrobial activity of prepared pyrazoles and
their chitosan-Schiff bases can be explained on the basis of their chemical structures.
So, the considerable antimicrobial activity of pyrazole derivatives, Pzl and Pz2, may
be due to their well-known properties as azoles. The pyrazole nitrogen attached to
the positively charged acidic hydrogen atom may interact electrostatically with the
negatively charged cell membrane of the microorganism and this can prevent the
microbial growth [57,58]. There is a slight observed increase in antimicrobial
properties for Pz2 to Pz1, and this may be related to the thiophene moiety attached to
the pyrazole ring in Pz2 with its activity against various microbial species [59,60].
The improved antimicrobial inhibitory effects of the investigated chitosan
derivatives, Cs-SB1 and Cs-SB2, when compared to both chitosan and the two
pyrazole aldehyde derivatives may be attributed to the presence of chitosan units and

also the imine group of Schiff bases.

H B. Subtitles

W 5t. aurous

= 5t. faecalis
E. coli

® C. albicans

cs pz1 pz2 Cs-SB1 Cs-5B2 Cs-SB1-CuCl2 | Cs-SB2-CuCl2 (fgjﬂgﬂt) ATIEOJ;;E &
B. Subtitles 35 55 60 75 90 95 95 20
St. aurous 55.5 72 72 a4 100 105 105 18
st. faecalis a4 55.5 61 77.8 94.4 94 100 18
E. coli 45 545 636 68 86 90.9 90.9 2
C. albicans 37 22 526 58 736 79 79 19

Figure 13. Antimicrobial efficacy of investigated compounds in comparison with the reference drug.
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Previous research [61] reported that chitosan has many proposed mechanisms to
explain how it affects microorganisms that vary according to the structure of the cell
wall membrane of bacteria and its metabolic procedure.

The first suggested mode of action is the disruption of microbial cell walls that
is caused by electrostatic force interactions between chitosan amino groups with
their positive charge and the microbial cell wall that has a negative charge. The other
proposed mechanism is the interaction of microbial DNA with chitosan that prevents
mRNA and protein synthesis through chitosan permeating the bacterial cell and then
the nuclei [62]. Finally, the presence of the Schiff base imine group, -CH=N, may be
associated with the significant antibacterial activity of these utilized compounds. The
presence of m-electrons on this imine group may boost the lipophilicity of chitosan-
Schiff bases. So, this may enable the Schiff-base molecule to penetrate the microbial
cell wall membrane, disrupting the respiration mechanism of the microbial cell.

So, it could be concluded that the occurrence of these disruptions in the main
vital processes of microorganisms may easily prevent protein synthesis, which will
impede further bacterial growth [63,64].

4. Conclusion

Preparation of two pyrazole aldehyde derivatives (Pz1 and Pz2) was performed
and then they were reacted with chitosan to afford the two pyrazole-chitosan Schiff
bases, 3-(4-methoxyphenyl)-4-metheleme-1H-pyrazole-chitosan (Cs-SB1) and 4-
methelene-3-(thiophen-2-yl)-1H-pyrazole-chitosan (Cs-SB2), respectively. These
chitosan-Schiff bases were subjected to being utilized as adsorbents for Cu(Il) ions
removal from aqueous solutions using the batch adsorption method.

The chemical structure of prepared aldehydes and their corresponding Schiff
bases was confirmed via FTIR spectroscopic analysis. Determination of thermal
properties of the investigated samples using the thermogravimetric analysis
technique, showed their enhanced thermal properties in terms of higher initial
decomposition temperatures and lower extent of weight loss. Scanning electron
microscopy (SEM) as well as energy dispersive X-ray (EDX) for the prepared Schiff
bases adsorbed metal ions in different aqueous solutions were carried out. SEM
images showed the changes that occurred to the surface morphology of chitosan on
its reaction with the Schiff bases whereas the EDX graph confirmed the existence of
these adsorbed metal ions on the surface substrate and the adsorptive efficiency of
these prepared samples for Cu(Il) ions. Results of the batch adsorption method also
showed the good ability of the investigated Schiff bases to adsorb Cu(Il) ions from
aqueous solutions. The expected mechanism of copper elimination interprets because
of the results of FTIR analysis that indicated the formation of N-Cu linkage on
adsorbent surfaces, that it might be responsible for the adsorption of Cu(ll) ions as
Cu-H ion exchange or Cu(Il) ion-adsorbent surface complexation, or both.
Adsorption of Cu(Il) metal ions onto Cs-SB1 and Cs-SB2 surfaces was best matched
to the Langmuir model, proposing that Cu(Il) ions adsorption was accomplished on
the homogeneous surfaces with the monolayer coverage. The two samples, Cs-SB1
and Cs-SB2 had maximal adsorption capacities of 10.33 and 39.48 mg/g
respectively. Antimicrobial activity of the compounds Cs, Pz1, Pz2, Cs-SB1, Cs-
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SB2, Cs-SB1-Cu, Cs-SB2-Cu was carried out. Two Gram +ve bacteria (Bacillus
Subtitles and Staphylococcus aurous), two Gram —ve bacteria (Streptococcus faecalis
and Escherichia coli) and Candida albicans as fungi were used in this study. All
investigated compounds showed good antimicrobial activity with varying degrees
when compared to the applied standard antimicrobial agents.
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