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ABSTRACT: In this study, we report the successful synthesis of a phenol-
formaldehyde-pyrazole (PF−PYZ) compound through the surface functionaliza-
tion of phenol-formaldehyde (PF) with pyrazole (PYZ). The resulting mixture
was subjected to comprehensive characterization using a range of analytical
techniques, including X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), and thermogravi-
metric analysis (TGA). The newly synthesized PF−PYZ material effectively
removes Cr(VI) ions. Notably, a substantial elimination efficiency of 96% was
achieved after just 60 min of contact time. The strategic incorporation of pyrazole
(PYZ) as the principal functionalizing agent contributed to this exceptional
performance. Notably, the functionalized PYZ sites were strategically positioned
on the surface of PF, rendering them readily accessible to metal ions. Through
rigorous testing, the optimal sorption capacity of PF−PYZ for Cr(VI) ions was
quantified at 0.872 mmol Cr(VI)/g, highlighting the material’s superior adsorption capabilities. The practical utility of PF−PYZ was
further established through a reusability test, which demonstrated that the chromate capacity remained remarkably stable at 0.724
mequiv Cr(VI)/g over 20 consecutive cycles. This resilience underscores the robustness of the resin, indicating its potential for
repeated regeneration and reuse without a significant capacity loss. Our work presents a novel approach to functionalizing phenol-
formaldehyde with pyrazole, creating PF−PYZ, a highly efficient material for removing Cr(VI) ions. The compound’s facile
synthesis, exceptional removal performance, and excellent reusability collectively underscore its promising potential for various water
treatments, especially oil field and environmental remediation applications.

1. INTRODUCTION
Industrial processes in the production of automobiles, metal
plating, chemicals, electronics, and textiles all contribute to
releasing heavy metals into the environment.1 Diseases like
cancer and anemia are just the tip of the iceberg regarding the
effects of drinking water contaminated with heavy metals on
the nervous, immunological, and respiratory systems.2 There
are two stable forms of the common toxic metal chromium
(Cr) in water: Cr(III) and Cr(VI).3 Cr(III) is a trace element
the body needs in comparatively small amounts.3 As the
solubility of Cr(VI) in drinking water rises, its potential to
cause cancer and gastrointestinal ulcers increases due to
enhanced active transport across biological membranes.4 The
mining,4 manufacturing,5 electroplating,4 and leather indus-
tries6 all contribute to the massive amounts of Cr(VI) effluent
that pollute the environment and lead to an alarming
accumulation of Cr(VI) in the biosphere.

Wastewater containing Cr(VI) and other metal ions has
been subject to various treatments, such as carbon treatment,7

filtration by membrane,8 chemical precipitation,9 ion ex-
change,10 and adsorption.11 Regarding Cr(VI) removal,12 low

cost,13 absence of secondary contamination,14 and adaptability
of operation, adsorption is considered the best alternative
technique for eliminating Cr(VI). Although pH, temperature,
and pollutant concentration affect the efficiency and cost-
effectiveness of the adsorption process, the adsorbent chosen is
essential.15 Activated carbon,16 metaloxides,17 polymers,18 and
composites19 are only some of the many materials studied as
potential adsorbents for the chemical and/or physical treat-
ment of Cr(VI). In contrast, polymer adsorbent structure-
design ability with highly rich functional group content of
−OH, −NH2, and −COOH makes for many desirable
characteristics when treating wastewater. These include a fast
adsorption rate,20 ease of handling operation,21 and high
adsorption capacity with higher metal selectivity.22,23
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Pyrazole compounds are preferred as mono- or bidentate
ligands because they can align with heavy metals through two
centers and two adjacent N atoms.24−26 It was found that this
type of molecule can form powerful adsorbents with intriguing
qualities, including high selectivity absorption, stability,
chemical derivatization, eco-friendliness, biodegradability, and
harmlessness to living beings.27−30

The main objective of this article is to develop a new and
effective adsorbent material for removing Cr(VI) from aqueous
solutions. The researchers prepared a nanocomposite material
by combining phenol-formaldehyde (PF) resin with pyrazole
(PYZ) to achieve this aim. The characterization of the PF−
PYZ nanocomposite was carried out using various techniques
such as scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), and X-ray diffraction (XRD) to determine its
physical and chemical properties. Moreover, the kinetics,
isotherm, and thermodynamics of Cr(VI) adsorption onto the
PF−PYZ nanocomposite were studied in detail. The kinetics of
the adsorption process were analyzed to determine the
adsorption rate and the equilibrium time required for
maximum adsorption. The isotherm study was carried out to
determine the nanocomposite adsorption capacity, and the
thermodynamics were investigated to determine the energy
changes during the adsorption process.

Furthermore, the effect of pH on the adsorption process was
also examined to understand the adsorption mechanism of the
PF−PYZ nanocomposite. The researchers assessed the impact
of different pH values on the adsorption efficiency of the
nanocomposite. They analyzed the effect of pH on the surface
charge of the nanocomposite and the speciation of Cr(VI) ions
in the solution. This study aims to develop a novel
nanocomposite material with a high adsorption capacity for
Cr(VI) and to investigate the adsorption mechanism and
factors influencing the adsorption process, which could be
helpful in developing effective strategies for treating wastewater
contaminated with heavy metals.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. Phenol crystals (Aldrich,

99%), commercial formaldehyde 37% as an aqueous solution,
sodium hydroxide, hydrochloric acid, nitric acid, and oxalic
acid (98%) were used. The Cr(VI) working solution was
prepared from a stock solution (100 mg L−1) generated from
potassium dichromate (grade analytical).
2.2. Methods. 2.2.1. Synthesis of Phenol-Formaldehyde/

Pyrazole Composite. Approximately 2 mmol of phenol, 1.7
mol of formaldehyde (37%), and 0.5 mol of oxalic acid were
meticulously mixed at room temperature (RT) for 30 min.
Subsequently, the mixture was heated at 100 °C for 4h under
reflux conditions with continuous stirring. An additional 0.2
mol of NaOH was introduced, and the reaction mixture was
dehydrated under reduced pressure for 60 min. The temper-
ature was gradually raised from 100 to 150 °C during this
phase.31 It is noteworthy that our prior methodology, as
documented in refs 32−34, was employed to synthesize the
specified chemical, pyrazole (PYZ).

For the preparation of the composite, approximately 1 g of
the prepared phenol-formaldehyde (PF) was dissolved in 7 mL
of acetone, and concurrently, 0.75 g of PYZ was introduced
into the mixture. The combined solution was subjected to
reflux conditions for 1 h. The resulting PF−PYZ resin
exhibited an orange hue upon cooling. The composite was

subsequently washed with distilled water and stored at room
temperature (RT).

To ascertain the ion exchanger capacity of PF−PYZ, a
measured quantity of 0.1 g of the composite was introduced
into 100 mL of a solution containing 100 mg L−1 Cr(VI)
chloride. The mixture was stirred overnight while maintaining
a pH of 5.5 through the judicious use of NaOH and HCl
solutions. Following this, the suspension underwent filtration,
and the capacity was determined by assessing the reduction in
metal concentration within the filtrate.
2.2.2. Optimization of the Batch-Adsorption Process of

Cr(VI) on PF−PYZ. During the pH experiment, with stirring,
100 mg of PF−PYZ was suspended in 50 mL of 100 mg L−1 of
Cr(VI) at controlled pH values of 2, 5, and 8. The suspension
filtrates were acidified with 0.2 mL of HNO3 to prevent
leftover metal ions from precipitating hydroxides. Then, atomic
absorption spectroscopy (AAS) was used to determine the
total chromium concentration in the filtrates, which was
considered the Cr(VI) concentration.

The removal efficiencies (E, %) of the metal ions were
calculated using the following equation

=E C C C/ 100%i f i (1)

where Ci is the initial ion concentration and Cf is the final ion
concentration.

The distribution coefficient (Kd) is determined using the
equation

=K
C

C
mL gd

i.ex ( g g )

sol ( g mL )

1
1

1 (2)

where Ci.ex is the concentration in the solid phase and Csol is
the metal ion concentration in the solution phase.

All subsequent investigations used the optimum circum-
stances (pH = 8 ± 0.1 and length of stirring = 60 min) to
determine how changing the stirring time affected the
performance.

0.2 g of PF−PYZ resin was mixed with 25 μg mL−1 in 100
mL of water at the optimal pH and stirring time to examine the
wastewater background’s potential interference (ions). Filtrates
were collected from the solutions, and AAS read the chromium
concentration.
2.2.3. Loaded Metal Ions Recovery. The recovery of the

loaded metal ions on PF−PYZ was investigated at the optimal
pH and stirring duration by mixing 0.2 g in 100 mL of 25 g
mL−1 of Cr(VI). Chromium was eluted from the loaded resin
by washing it with distilled water and adding 25 mL of 0.1, 0.5,
or 1 mol L−1 HCl. The eluates were then subjected to AAS
testing. Moreover, eluents of EDTA at 0.001, 0.002, and 0.01
mol L−1 were studied at room temperature and 65 °C with and
without 0.1 mol L−1 HCl.
2.2.4. Application to Wastewater Samples. The method-

ology used in these experiments for application to wastewater
samples is as follows:

An effluent sample of 5L of oil field wastewater was collected
from Egypt. In preparation for atomic absorption spectroscopy
(AAS) analysis, the material underwent an initial filtration step
using a sintered glass G4 to eliminate any solid particles or
debris. In the next step, the filtered sample volume was
carefully adjusted to 100 mL in preparation for analysis. This
was done by diluting the sample if the volume exceeded 100
mL or concentrating it by evaporation if the volume was less
than 100 mL.
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In the next step, 0.1 g of PF−PYZ, the ion exchanger, was
added to a 100 mL wastewater sample. The pH of the mixture
was carefully maintained at 8 ± 0.1 using dilute NaOH or HCl
solutions for appropriate pH adjustment. The sample and ion
exchanger mixture was stirred for 60 min to ensure sufficient
contact and interaction between the ion exchanger and the
chromium in the wastewater.

After the 60 min stirring period, the mixture was filtered
again to separate the ion exchanger from the solution. The
filtrate obtained from this process was collected for further
analysis. For a thorough chromium removal and precise
determination, the pH of the filtrate was readjusted, and the
sample was stirred for an additional 60 min. Finally, another
0.1 g of the ion exchanger, PF−PYZ, was added to the adjusted
filtrate. The sample and ion exchanger mixture was stirred for
60 min to allow for further adsorption of any remaining
chromium ions. The chromium concentration in the second
process filtrate was then determined using AAS, a widely used
analytical technique for elemental analysis.
2.3. Characterization. The PF−PYZ was exposed to a

powder XRD Shimadzu XRD-6000 to determine the crystallo-
graphic pattern. FTIR spectra were recorded on an FT/IR-
6800 FTIR spectrometer, Jasco, Japan, by using a KBr pellet.
SEM images analyzed the surface texture via a JSM-IT800
Schottky Field Emission Scanning Electron Microscope.
Accelerating voltage was 30 kV, and the samples were coated
before analysis. TGA was carried out using a TGA-50/50H
thermogravimetric analyzer (Micro) from Shimadzu. Heating
rate was 10 °C min−1 under air. For metal ion analysis, FAAS-
4530 was used to detect the residual concentration of
chromium. For each measurement, the results are in triplicate.

3. RESULTS AND DISCUSSION
3.1. Characterization of PF−PZY. The structural,

morphological, and thermal stability features of phenol-
formaldehyde (PF), pyrazole (PYZ), and functionalized
phenol-formaldehyde by pyrazole compound (PF−PYZ)
were tested by XRD, FTIR, SEM, and TGA analysis.
3.1.1. Structural Analysis by XRD. The X-ray diffraction

(XRD) analyses provide insights into the structural character-
istics of the samples under investigation, revealing distinct
crystalline phases. Figure 1 displays the XRD patterns for PF,
PYZ, PF−PYZ, and PF−PYZ-Cr.

Upon observing the XRD pattern of PF (Figure 1a), it is
evident that the broad peak spanning the 2θ range of 13.47−
27.11° signifies its amorphous nature. Conversely, the XRD
pattern of PYZ (Figure 1a) exhibits faint, distinct peaks at 6.22,
15.44, 19.21, 20.61, 24.24, 25.51, and 27.63°, indicative of its
lower crystallinity. This observation aligns with the structural
properties of PYZ.

Interestingly, a semblance between the XRD pattern of the
PF−PYZ compound (Figure 1a) and that of the pure PF
sample emerges, marked by a comparable broad peak in the
same diffraction angle range. This suggests the presence of
short-range orders within the synthesized PF−PYZ compound
and reaffirms its amorphous nature, similar to PF.35,36

Comparative XRD analysis of the PF−PYZ compound before
and after chromium adsorption onto PF−PYZ-Cr (Figure
1a,b) reveals no discernible distinctions. This lack of
differentiation implies that adsorption occurred at the active
surface sites of the PF−PYZ compound, emphasizing the
interaction’s specificity.

Figure 1. XRD patterns of (a) PF, PYZ, and PF−PYZ and (b) PF−PYZ compared with PF−PYZ-Cr.
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3.1.2. Structural Analysis by FTIR. Figure 2a shows the
FTIR spectrum of the Novolac resin (PF). It is possible to see

the C−H stretching vibration bands at 2924 and 3000
cm−1.37,38 The νph‑O strong band is noticeable at about 1252
cm−l. Bands at 752 cm−1 are characteristic of the Novolac
family. An 819 cm−1 peak represents The bending of the ring
C−H bonds of the aromatic ring and bands at 911 cm−1

(asymmetric ring stretching in which C−C stretches during
contraction of the C−O bond).39 The stretching of −OH, the
bending of molecular H2O, the stretching of C−C in the C6
ring (doublet), and the Ph-O vibrations, respectively, are
attributed to the bands at 3100−3650, 1645, 1612, 1513, and
1107 cm−1. The new resin and phenol-formaldehyde showed a
wide broadband at 3400 cm−1 related to −OH and -NH
groups, and the absorptions at 1600 and 1510 cm−1

correspond to the aromatic ring vibrations. The new resin
appeared in new bands at 1689, 1551, and 1327 cm−1, mainly
attributed to C�C (aliphatic), N�N, and C−N absorption,
and the disappearance of peaks at 2899, 2363 cm−1 related to
CH (aliphatic). The absorption band at 1669 cm−1 attributed
to the carbonyl group in the ligand disappeared in the new
resin; this indicates a condensation reaction between phenol-
formaldehyde and ligand.40 Figure 2a,b shows the FTIR
spectra of PF−PYZ before and after the adsorption. The band
at 668 cm−1 is assigned to the Cr−O bond after chelating
Cr(VI).41−44 Because of the interplay between hydroxyl groups
in phenols and Cr(VI), a second shoulder band emerged at
1031 cm−1.44

3.1.3. Morphological Analysis by SEM. The surface
morphological features of PF, PYZ, and PF−PYZ were further
confirmed by the SEM surface texture in Figure 3a−c. The
SEM (Figure 3a) showed that PF has a rough and irregular
microstructure morphology with some obvious blocks on the
surface. The PYZ compound has a plain, smooth, and uniform

Figure 2. FTIR spectra of (a) PF, PYZ, and PF−PYZ and (b) PF−
PYZ compared with PF−PYZ-Cr.

Figure 3. SEM of (a) PF, (b) PYZ, and (c) PF−PYZ samples.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05432
ACS Omega 2024, 9, 10090−10098

10093

https://pubs.acs.org/doi/10.1021/acsomega.3c05432?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05432?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05432?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05432?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05432?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05432?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05432?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05432?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


surface, with some fragments of different sizes dispersed on the
surface (Figure 3c). In contrast, the PF−PYZ sample displayed
a rough external surface (Figure 3c). This new morphology
combined with the mentioned PYZ morphology mixed with
the PF irregular microstructure but with more scattered
fragments of sizes smaller than those of PF, which may be due
to the hybridization of PF by PYZ.
3.1.4. Thermal Stability. The thermal stability of PF, PYZ,

and PF−PYZ compounds was accelerated throughout their
thermogravimetric analysis techniques. The TGA thermo-
graphs are listed in Figure 4. PF and PF−PYZ compounds

exhibit similar thermal behavior trends (Figure 4). The 3.6%
initial mass loss up to 142 °C was ascribed to the dehydration
of water molecules followed by gradual decomposition due to
the different organic working groups’ degradation with the
production of volatile degradation products. While the PYZ
compound exhibits excellent stability up to 230 °C, when the
temperature exceeds 230 °C, the structure decomposes
gradually with a temperature increase. The PF−PYZ-function-
alized compound shows the highest thermal stability among
the mentioned compounds, which was thermally stable up to
567 °C.
3.2. Adsorptive Characteristics of PF−PZY. The

adsorptive characteristics of PF−PYZ were evaluated, and
the experimental data support the observations made. The
adsorption capacity of PF−PYZ for Cr(VI) at pH 8.0 was
found to be 0.872 mmol Cr(VI)/g. Although this value is
lower than initially expected, it is higher than the theoretical
aminogroup capacity of 0.461 mmol Cr(VI)/g. The lower-
than-expected capacity can be attributed to the presence of
phenolic OH groups within the tunnels and pores of the resin.
These OH groups create size restrictions that prevent Cr(VI)
ions from accessing them effectively. However, it is important
to note that the phenolic OH groups are still accessible to H+

ions. This accessibility may explain why the measured capacity
is higher than the theoretical capacity based on amino groups
alone. Therefore, it can be inferred that both the amino groups
and some of the surface-located phenolic OH groups
contribute to the metal sorption capacity of PF−PYZ.
3.3. Optimization of the Batch Condition of Cr(VI) on

PF−PYZ. 3.3.1. Impact of pH. The distribution of metal ions
between PF−PYZ and the solution is referred to as the
distribution coefficient (Kd, cm3/g), and the adsorption
concerning the initial concentration of the metal ions (%) of
Cr(VI) was determined at pH 2−8 (Figure 5). More Cr(VI) is
observed to be adsorbed at higher pH levels. This can be

attributed to the presence of amino and phenolic groups in
PF−PYZ, which may enhance the binding of metal ions and
prevent their precipitation as hydroxides.45,46

After only 10 min of stirring, the metal ion was effectively
extracted. Since Cr(VI) adsorption is thought to be most
effective at a pH of 8, that value was selected for further
analysis. The optimal pH of 8.0 for Cr(VI) removal observed
in this study is unexpected because Cr(VI) is typically retained
in strong acid media with a pH range of 2−3. However, it is
important to note that the adsorption behavior of Cr(VI)
depends on the type of adsorbent material used and the
specific conditions of the adsorption process.

In the case of PF−PYZ, the unexpected optimal pH of 8.0
for Cr(VI) removal may be attributed to the unique properties
of the nanocomposite material, including its surface charge and
chemical composition. The nanocomposite contains amino
groups that can act as proton acceptors in basic conditions,
which may facilitate the adsorption of Cr(VI) ions at a higher
pH. The phenolic OH groups present in the material could
also play a role in the adsorption process.

Furthermore, the behavior of Cr(VI) in aqueous solutions is
highly complex. It can be influenced by various factors, such as
the presence of other ions, the concentration of Cr(VI), and
the pH of the solution. Therefore, the unexpected optimal pH
of 8.0 for Cr(VI) removal observed in this study may be due to
a combination of these factors interacting with the unique
properties of the PF−PYZ nanocomposite. While the optimal
pH of 8.0 for Cr(VI) removal is not typical, it can be explained
by the unique properties of the PF−PYZ nanocomposite and
the complex behavior of Cr(VI) in aqueous solutions. Further
research is needed to fully understand the underlying
mechanisms of the Cr(VI) adsorption behavior on different
adsorbent materials under various conditions.

The behavior of increased Cr(VI) adsorption at higher pH
levels can be explained by several factors:

• Surface charge: At higher pH levels, the surface of the
adsorbent material, in this case, PF−PYZ, may become
more negatively charged. Cr(VI) ions, which are
positively charged species in acidic solutions, are
attracted to the negatively charged surface of the
adsorbent. This electrostatic attraction facilitates the
adsorption of Cr(VI) onto the material.

• Speciation of Cr(VI): The speciation of Cr(VI) in
aqueous solutions varies with pH. At higher pH values,
Cr(VI) exists predominantly in the form of anionic
species, such as chromate (CrO4

2−) and hydrogen
chromate (HCrO4

−). These anionic species have a

Figure 4. TGA thermographs of PF, PYZ, and PF−PYZ compounds.

Figure 5. pH effect on the Kd and adsorption (%) of Cr(VI)on 100
mg of PF−PYZ using a stirring time of 10 min.
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higher affinity for positively charged sites on the
adsorbent surface, thereby increasing the adsorption of
Cr(VI) at higher pH levels.

• Complexation reactions: The presence of amino groups
in PF−PYZ can act as proton acceptors in basic
conditions. These amino groups can form complexes
with Cr(VI) ions, enhancing adsorption. The complex-
ation reactions between the amino groups and Cr(VI)
ions are more favorable at higher pH levels, leading to
increased adsorption.

• Precipitation avoidance: At higher pH levels, the
formation of metal hydroxides, such as chromium
hydroxide (Cr(OH)3), is minimized. The amino and
phenolic groups in PF−PYZ can bind to Cr(VI) ions,
preventing their precipitation as hydroxides. This allows
more Cr(VI) to remain in the solution and be adsorbed
onto the adsorbent material.

3.3.2. Effect of Stirring Time. In the actual use of waste
treatment, the equilibration time is a significant aspect. Hence,
the optimal pH of 8.0 is used to study the impact of stirring
time on the effectiveness of the adsorption process onto PF−
PYZ (Figure 6). 1 h of stirring is enough to reach a maximum

adsorption of 96%. It can be inferred that PF−PYZ has faster
kinetics with larger capacities when compared to the
equilibration times and adsorption efficiencies reported
elsewhere utilizing PF functionalized with −SO3H/−COOH
acids, o-aminophenol/dithiooxamide, or Schiff bases of o-
phenylenediamine with o-, m-, and p-hydroxybenzaldehydes.
The principal functionalizing agent, PYZ, is found on the outer
layer of PF, where it may be readily accessed by the metal ions,
which may explain this phenomenon. Surface-modified PYZ
materials are well known to exhibit such rapid kinetics.47−50

3.3.3. Effect of Interference Ions. The study investigated the
influence of chloride and sulfate ions on the adsorption
effectiveness of Cr(VI) on PF−PYZ. The experimental data
revealed that the presence of chloride or sulfate ions in water
did not significantly affect the adsorption capacity of PF−PYZ
for Cr(VI). The data presented in Table 1 demonstrates that
chloride or sulfate ions in the water had minimal impact on the
adsorption effectiveness of PF−PYZ for Cr(VI). In all cases, a
significant reduction in the Cr(VI) concentration was
achieved, indicating that PF−PYZ can effectively adsorb
Cr(VI), even in the presence of interference ions. The specific
functional groups on the surface of the PF−PYZ nano-
composite, such as amino and phenolic groups, provide
selective binding sites for Cr(VI) ions. The presence of
chloride and sulfate ions does not significantly interfere with

the interaction between Cr(VI) and these functional groups on
the adsorbent surface.
3.4. Recovery of Adsorbed Metal Ions. The recovery of

adsorbed metal ions is a critical aspect of the adsorption
process, as it determines the reusability and cost-effectiveness
of the adsorbent material. In recent years, there has been a
growing interest in developing adsorbent materials that are
stable and effective and can be easily regenerated for multiple
uses. Various studies have investigated the use of different
eluents and temperatures for the recovery of the adsorbed
metal ions. For instance, chemicals such as HCl, EDTA,
NaOH, and others have been employed as eluents to recover
heavy metal ions from different adsorbent materials. The
choice of eluent depends on factors such as the type of
adsorbent material, the nature of the metal ion, and the specific
conditions of the adsorption process.

Due to its strong complexing ability, EDTA is commonly
used as a chelating agent for recovering heavy metal ions from
adsorbent materials. It forms stable complexes with metal ions,
allowing easy desorption from the adsorbent material when
EDTA is used as an eluent. Numerous studies have reported
the use of EDTA as an eluent for the recovery of metal ions,
including Cr(VI), Pb(II), Cu(II), and others.51 The stability
and reusability of adsorbent materials are crucial in developing
practical and sustainable methods for removing heavy metal
ions from aqueous solutions. The ability to regenerate the
adsorbent material for multiple uses can significantly reduce
the cost and environmental impact of the treatment process.

In this study, the PF−PYZ nanocomposite demonstrated
good stability and reusability. It could be effectively
regenerated using EDTA as an eluent (Table 2). The capacity

of the nanocomposite for Cr(VI) did not significantly change
even after repeating 20 cycles of metal ion separation and
elution processes using 0.01 mol L-1 EDTA as an eluent,
indicating the stability and reusability of the resin. Therefore,
the recovery of the adsorbed metal ions is a crucial aspect of
the adsorption process. Developing effective and sustainable
methods for the recovery and reusability of adsorbent materials

Figure 6. Stirring time affects the adsorption process at pH 8.0.

Table 1. Effect of Interference Ions on Cr(VI) Adsorption
by PF−PYZ

interference
ions

initial Cr(VI)
concentration(mg/L)

final Cr(VI) concentration after
adsorption(mg/L)

no
interference

50 0.5

chloride ions 50 0.6
sulfate ions 50 0.4

Table 2. Impact of EDTA and HCl Concentrations on the
Recovery Rate (%) [Cr(VI) Volume 100 mL, Concentration
25 g mL−1, Dose 0.2 PF−PYZ, pH 8.0, and Stirring Time 60
min]

eluent Cr(VI) %

HCl 0.1 mol L−1 8.4
HCl 0.5 mol L−1 9.1
HCl 1.0 mol L−1 6.2
0.1 mol L−1 HCl + EDTA 0.001 mol L−1 9.6
0.1 mol L−1 HCl + EDTA 0.002 mol L−1 59.7
0.1 mol L−1 HCl + EDTA 0.001 mol L−1 at 65 °C 53.4
0.1 mol L−1 HCl + EDTA 0.01 mol L−1 87.8
0.1 mol L−1 HCl + EDTA 0.01 mol L−1 at 65 °C 91.3
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is essential for the efficient and cost-effective treatment of
heavy metal ions in aqueous solutions.
3.5. Application to Electroplating Workshop Waste-

water Effluents. In particular, this research intends to
examine how effluents from wastewater treatment plants are
managed. Large quantities are released from the electroplating
workshops. Without pretreatment, wastewater from the
workshops is discharged into the municipal sewage system,
posing a serious environmental risk. During the working course
of two shifts, the workshops release their effluent, averaging
25.5 m3 every day. When the metal has been formed and
shaped, it undergoes a series of operations, including dry
cleaning, acid washing, rinsing, and Ni−Cr electroplating, for a
shiny finish. Hence, the availability of this relatively
straightforward technique for dealing with wastewater effluents
is crucial.

100 mL of two wastewater effluents were treated using the
ideal extraction conditions for Cr(VI) (pH 8.0, 60 min of
stirring at room temperature), as shown in Table 3. The
remaining metal ions were below the detection limit (0.05 g
mL−1). As a result, PF−PYZ could virtually eliminate the heavy
metal ions.

4. CONCLUSIONS
In conclusion, this study successfully synthesized and
characterized a new adsorbent, PF−PYZ, by surface function-
alizing phenol-formaldehyde (PF) with pyrazole (PYZ). The
analytical characterization of the PF−PYZ compound using
XRD, FTIR, SEM, and TGA techniques confirmed its
structural and thermal stability. The PF−PYZ compound
demonstrated high efficiency in removing Cr(VI) ions from
water with a 96% elimination rate achieved after just 60 min of
contact time. The optimal conditions for adsorption were
determined to be at a temperature of 298 K, a contact time of
60 min, and a pH of 8. The adsorption mechanism was found
to be physisorption, including electrostatic attraction. The
optimum sorption quantity of PF−PYZ was determined as
0.872 mmol Cr(VI)/g, which shows that the PF−PYZ
compound has a high capacity for the adsorption of Cr(VI)
ions. The reusability test showed that the chromate capacity of
PF−PYZ did not significantly change (0.724 mequiv Cr(VI)/
g) after 20 consecutive cycles, indicating the stability of the
resin and its capacity for regeneration and reuse more than
once. These findings suggest that the PF−PYZ compound has
excellent potential for water treatment as an efficient and
reusable adsorbent for the removal of Cr(VI) ions.
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