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Abstract
Herein, highly ordered and branched polymeric polypropylene imine dendrimer-carbon nanotube-
composite (denoted as PPI/MWCNT) was synthesized and characterized using XPS, FTIR, RAMAN, SEM,
TEM, TGA, and Zeta potential analyses. The synthesized nanocomposite was used to eliminate Cd2+,
Cu2+, and Pb2+ from industrial effluent. The efficacies of pH, adsorbate concentration, time, and dosage
in the removal process were assayed. Optimum conditions for the elimination efficiencies of Cd2+, Cu2+,

and Pb2+ were dosage: 0.06 g/L; adsorbate concentration: 100 mg/L; and adsorption time: 20 min, and
pH: 7). The utmost adsorption capacities of Cd2+, Cu2+, and Pb2+ were 1620, 1590, and 1460 mg/g,
respectively, which are fitted with the isotherm and kinetic equilibrium data to the Langmuir model and
the pseudo-second-order, respectively. Desorption of the Cd2+, Cu2+, and Pb2+ ions from the surface of
PPI/MWCNT was best carried out with removal efficiency of 84%, 87%, and 92%. Therefore, PPI/MWCNT
possesses a considerable capacity for eliminating metal ions from industrial wastewater and reusability
after the desorption step.

1. Introduction
With the rapid development of universal industrialization, water contamination by heavy metal ions has
become a major environmental and public health concern worldwide [1]. Large quantities of heavy
metals are continuously discharged into aquatic systems from a wide range of industrial activities,
including dyeing and printing, mining, metal smelting, electroplating, battery manufacturing, and other
related processes. Unlike many organic pollutants, heavy metal ions are characterized by high toxicity,
persistence, and non-biodegradability, which enable them to accumulate in natural water bodies and
sediments over long periods [2]. A particularly critical issue associated with heavy metal pollution is their
ability to enter and propagate through the food chain. Once released into the environment, these metal
ions can be absorbed by plants and aquatic organisms and subsequently biomagnified at higher trophic
levels, ultimately posing severe health risks to humans [3]. Industrial wastewater typically contains a
variety of toxic heavy metal ions, such as Ni²⁺, Cu²⁺, Cr³⁺, Zn²⁺, Pb²⁺, and Cd²⁺, all of which are resistant to
natural degradation and difficult to remove using conventional treatment methods [4]. Among these
contaminants, cadmium ions (Cd²⁺) are considered particularly hazardous due to their high mobility and
bioaccumulative nature. Long-term intake or exposure to Cd²⁺ can result in serious damage to vital
organs, especially the kidneys and skeletal system. Chronic cadmium poisoning has been closely
associated with a range of severe diseases, including anemia, osteoporosis, hypertension, and the well-
documented “itai-itai” disease, which is characterized by intense bone pain and renal dysfunction [5].
Therefore, the effective removal of heavy metal ions, especially Cd²⁺, from industrial wastewater is of
paramount importance for environmental protection and human health [1–4].

Moreover, excessive human exposure to copper ions (Cu²⁺) can result in severe toxicological effects.
High concentrations of Cu²⁺ are known to cause intense irritation and corrosion of the mucosal tissues,
as well as significant damage to vital organs such as the kidneys and liver. In addition, copper toxicity
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may lead to widespread capillary damage and adverse effects on the central nervous system, often
manifested initially as irritation and subsequently progressing to neurological depression. Prolonged or
acute exposure to elevated levels of copper therefore poses a serious threat to human health. Even more
concerning is the presence of lead ions (Pb²⁺) in drinking water, as exposure to Pb²⁺ can be extremely
harmful even at very low concentrations. Lead contamination has been associated with a wide spectrum
of adverse health effects, including convulsions, coma, nausea, renal failure, and carcinogenic
outcomes. Furthermore, chronic lead exposure can cause subtle but irreversible damage to neurological
development, resulting in impaired intelligence, behavioral disorders, and metabolic dysfunction,
particularly in children and other vulnerable populations. Consequently, the effective elimination of heavy
metal ions from industrial effluents and contaminated water sources is essential to safeguard both
environmental ecosystems and public health. In response to this urgent need, extensive research efforts
have recently been devoted to developing efficient technologies [5, 6].

Various conventional techniques, like solvent extraction, membrane filtration, oxidation, chemical
precipitation, ion exchange, reverse osmosis; flocculation, etc. possess been utilized by industries to
eliminate pollutants such as heavy metal ions from effluent [7–20]. But, these procedures possess more
drawbacks like incomplete metal to eliminate, low yield, production of chemical poisonous sludge, and
need for high reagent and high energy [8]. In consequence, safe, economic, and cost-effective methods
should be introduced to eliminate metal ions from wastewater. Adsorption is a favorable and impressive
procedure for eliminating metal ions from wastewater owing to its high removal efficiency, recyclable
adsorbents, eco-friendly, minimal or no poisonous sludge production, simple construct, low operation
cost, short operating time, and feasibility of metal recovery and accessibility [9, 10]. But, nowadays, it is
important to improve an impressive adsorbent that has a high adsorption capacity and fast desorption
rate and also can be simplified recycled, and reused.

Carbon nanotube (MWCNT) was first time detected by Iijima et al, which has sparked massive
attentiveness to environmental protection owing to its individual electrical and physicochemical features
[11]. MWCNT has individual morphologies and possesses excellent potential for engineering
applications like field emission elements, composite reinforcement, nanodevice components, catalyst
support phases, and gas adsorption materials [6]. More importantly, MWCNTs are also great cation and
anion adsorption materials for effluent purification and removal of heavy metal ions, because they
illustrate exceptionally large specific surface areas and the capability to adjust physicochemical features
[6, 12, 13]. Due to the easy surface modification and lower cost of MWCNT, it has attracted more
attention as an adsorbent material [14]. Nevertheless, MWCNT without oxidation illustrates an
undesirable efficiency in the adsorption of heavy metals owing to the absence of appropriate binding
sites, in other words, one of the main barriers to the improvement of MWCNT-based adsorbents is their
fewer surface functional groups and insolubility [15]. As a result, one of the favorable functionalized
molecules that could increase the separation and dispersion of MWCNTs is dendrimer molecules [16].
Dendrimers, a distinctive type of polymers, have been considered considerable favorable molecules in
further arenas due to their controllable shape and size, identical groups, and extremely branched
molecular structure. Their individual structural properties hold out the promise of very usages in the
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fields of electrochemical and nanoelectronics sensors, insulating materials, carriers of active
substances, and such as this research work, as a modifying factor to coat the surface of MWCNTs as a
potent adsorbent [16]. PPI dendrimers are mainly nanoscaled and branched structures with negligible
poisonous or non-poisonous at various generations, and high adsorption capacity owing to vacant
spaces among their branches and their functional terminal groups [17].

A literature review indicated that novel highly ordered and branched polymeric polypropylene imine
dendrimer-carbon nanotube-composite (denoted as PPI/MWCNT) was not used to eliminate Cd2+, Cu2+,
and Pb2+ from industrial effluent. Herein, to increase the functional groups and active sites of fabricated
adsorbent, poly(propylene imine) (PPI) dendrimer has been utilized for surface functionalization of the
MWCNT sample. The adsorbent characteristics have been investigated with various analyses. The
prepared PPI/MWCNT sample was investigated as adsorbents toward Cd2+, Cu2+, and Pb2+ ions from
water. At last, the adsorption isotherms, kinetics, and thermodynamics were also evaluated.

2. Experimental

2.1. Materials
The used materials were inserted in the supplementary file.

2.2. Fabrication of polypropylene imine dendrimers
The synthesis method of polypropylene imine dendrimers was inserted in the supplementary file in detail
[18].

2.3. Fabrication of PPI/MWCNT nanocomposites
The synthesis method of PPI/MWCNT nanocomposites was inserted in the supplementary file in detail
[19].

2.4. Instruments and adsorption experiments
FT-IR spectroscopy was analyzed by a Perkin-Elmer spectrophotometer. Zeta potential was studied using
a ZS nano-zeta sizer system (Malvern, UK). MWCNT and PPI/MWCNT surface morphology investigations
were done by SEM (Philips; 20 kV) and TEM (JEM-1200 EXII) images. The XPS analysis was carried out
with a Spectrometer (JEOL TRXPS). The Raman spectra were obtained with Philips Gl 400 spectroscope
meter which possesses an Ar ion laser. Thermogravimetric investigations were done through the Perkin
Elmer instrument. The metal ions concentrations in the sample solutions were measured using ICP
(inductively coupled plasma - Optima 2000 DV).

2.5. Batch Adsorption Experiments
Batch adsorption experiments were conducted to investigate the removal of Cd(II), Cu(II), and Pb(II) ions
from aqueous solutions using the synthesized PPI/MWCNT nanocomposite. The effects of solution pH,
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adsorbent dosage, initial metal-ion concentration, and contact time on the adsorption performance were
investigated. Based on the optimization results, the selected experimental conditions were a solution pH
of 7, an adsorbent dosage of 0.06 g/L, an initial metal-ion concentration of 100 mg/L, and a contact time
of 20 min. For each experiment, a known mass of PPI/MWCNT nanocomposite was added to a metal-ion
solution of a specified volume and initial concentration. The suspension was mixed at [agitation speed]
for the designated contact time at [experimental temperature]. The solution pH was adjusted to the
required value using [the actual acid/base solutions used], where applicable. At the end of the adsorption
period, the adsorbent was separated from the aqueous phase by [the actual separation method, e.g.,
centrifugation or filtration]. The residual metal-ion concentration in the separated solution was
determined using inductively coupled plasma optical emission spectrometry. The percentage removal of
each metal ion was calculated using the following equation:

Removal (%) = 100 × (C0-Ce)/C0

where C0 and Ct represent the initial and at time t metal-ion concentrations (mg/L), respectively. The
equilibrium adsorption capacity, where applicable, was calculated using:

qe=(C0-Ce)V/m

where qe is the equilibrium adsorption capacity (mg/g), V is the solution volume (L), and m is the mass
of adsorbent (g).

The solution volume was [insert actual volume], and all experiments were conducted under the specified
conditions to ensure consistency in comparisons among the tested parameters. These details are
provided to improve the transparency and reproducibility of the adsorption experiments.

3. Results and discussion

3.1. Characterization

3.1.1. FT-IR and Raman
The surface functional groups of fabricated nanocomposites were assayed with FTIR spectroscopy at a
wavelength region of 400–4000 cm− 1 (Fig. 1). The wide peak near 3423 cm− 1 is seen in all diagrams,
which can be attributed to the water adsorption [16]. Moreover, the appeared peak at 2925 and 2846
cm− 1 in all spectra allocated to the aliphatic C − H stretching bond [16]. In the MWCNT spectrum (a),
another peak was seen at 1632 cm− 1 which is owing to the C = C group [21]. About the MWCNT-COOH
system (b), besides the mentioned peaks, the peaks at 1711 and 1240 cm− 1 have been observed which
are attributed to the C = O and CO–O bonds, respectively. The presence of these peaks demonstrates the
functionalization of the COOH group onto the surface of MWCNT which these results are in agreement
with the literature [21, 22]. In the case of PPI/MWCNT nanocomposite (d), the peaks related to the amide
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(− CO−NH−) and amino (− C−NH2−) groups were also seen at 1673 and 1213 cm− 1 which illustrates that

attaching of PPI dendrimers on the surface of MWCNT-COOH successfully done [23].

Commonly, the defect/disorder in MWCNT can be proved via emersion of the two specific peaks at 1320
cm− 1 (D band) and 1580 cm− 1 (G band) at Raman spectra (Fig. 1) [24]. The D-band is allocated to the
defects in the amorphous carbon in the ends and sidewalls of MWCNT. The G-band for MWCNTs is due
to the stretching of the C = C band [25, 26]. The intensity of the D-band and G-band of PPI/MWCNT
sample (d) was a bit declined compared with MWCNT (a), MWCNT-COOH (b), and MWCNT-COCl (c),
because after attaching by PPI dendrimers on the surface of MWCNTs, impurities in the MWCNT
decreased [23]. It is noteworthy that the D/G intensity ratio is mostly applied to appraise the degree of
disorder/defects in MWCNT and also the degree of covalent functionalization of -COOH onto the surface
of MWCNT [21, 27]. The D/G intensity ratio for1 MWCNT was 1.197, while for PPI/MWCNT was obtained
at 0.67 which affirmed that the PPI was covalently grafted with MWCNT.

(a)

Figure 1. (a) FT-IR and (b) Raman spectra of as-constructed samples (a: MWCNT, b: MWCNT-COOH, c:
MWCNT-COCl, and d: PPI/MWCNT).

3.1.2. SEM and TEM
The SEM and TEM were employed to investigate the surface morphology and structural characteristics
of MWCNT-COOH and PPI/MWCNT nanocomposites. The SEM micrograph of pristine carboxylated
multi-walled carbon nanotubes (MWCNT-COOH), shown in Fig. 2a, reveals a relatively smooth surface
with noticeable agglomeration caused by strong van der Waals interactions between individual
nanotubes. In contrast, the SEM image of the PPI-functionalized MWCNTs (Fig. 2b) clearly demonstrates
that after surface modification and amino functionalization with poly(propylene imine) (PPI) dendrimers,
the nanotubes exhibit a more unbundled and uniformly dispersed structure. Importantly, no apparent
structural damage, breakage, or collapse of the nanotube framework is observed following oxidation and
dendrimer grafting. This observation confirms the high structural stability of MWCNTs and indicates that
they can effectively withstand the harsh conditions associated with oxidation treatment and subsequent
surface functionalization. To further elucidate the internal structure and confirm successful surface
modification, TEM analysis was carried out, and the corresponding images are presented in Fig. 2c and
Fig. 2d. The TEM image of MWCNT-COOH (Fig. 2c) displays well-defined tubular structures with clear
multi-walled features, indicative of intact nanotubes. Similarly, the TEM image of PPI/MWCNT (Fig. 2d)
shows no significant alteration in the overall tubular morphology, suggesting that the functionalization
process does not compromise the intrinsic structure of the MWCNTs. However, a thin and less-
contrasted layer can be observed partially covering the surface of the nanotubes in Fig. 2d, which is
attributed to the presence of grafted PPI dendrimers. Collectively, the SEM and TEM results provide
strong evidence that PPI dendrimers have been successfully grafted onto the surface of MWCNT-COOH
without causing structural degradation. The preservation of nanotube integrity, along with improved
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dispersion and surface coverage, suggests that the prepared PPI/MWCNT nanocomposite is structurally
robust and well-suited for subsequent applications.

3.1.3. XPS analysis
The wide-scan XPS spectrum of the PPI/MWCNT nanocomposite, as shown in Fig. 3a, displays three
dominant characteristic peaks corresponding to N 1s, C 1s, and O 1s, confirming the presence of
nitrogen, carbon, and oxygen elements in the synthesized material. The appearance of the N 1s signal,
which is absent in pristine MWCNT-COOH, provides preliminary evidence for the successful introduction
of nitrogen-containing functional groups through PPI dendrimer grafting. A more detailed analysis was
carried out by deconvoluting the high-resolution C 1s spectra. For the MWCNT-COOH sample (Fig. 3b),
four major C 1s components were identified at binding energies of 284.80 eV, 286.03 eV, 286.91 eV, and
287.96 eV, which are assigned to C–C/C = C, C–O, C = O, and O–C = O species, respectively [28]. Notably,
the pronounced peak at 287.96 eV is characteristic of carboxyl (–COOH) groups, indicating effective
oxidation and successful carboxylic acid functionalization on the surface of the MWCNTs [29]. In
contrast, the high-resolution C 1s spectrum of the PPI/MWCNT nanocomposite (Fig. 3c) exhibits
additional components beyond the C–C/C = C and C–O peaks observed in MWCNT-COOH. New peaks
appear at binding energies of approximately 285.42 eV and 287.45 eV, which are attributed to C–N and
N–C = O bonds, respectively [29]. These nitrogen-containing functionalities originate from the PPI
dendrimers and confirm the formation of covalent linkages between the amine groups of PPI and the
carboxyl groups on the MWCNT surface. The emergence of N-related peaks in both the survey and high-
resolution spectra, together with the distinct C–N and N–C = O signals, provides strong evidence that PPI
dendrimers were successfully and uniformly grafted onto the MWCNT framework. These results
demonstrate the effective surface modification of MWCNT-COOH and confirm the successful fabrication
of the PPI/MWCNT nanocomposite.

3.1.4. TGA
The TGA was performed to evaluate the thermal stability and compositional changes of pristine MWCNT,
carboxylated MWCNT (MWCNT-COOH), and PPI-functionalized MWCNT (PPI/MWCNT). The
corresponding TGA curves are presented in Fig. 4. As clearly observed, the thermal stability of the
samples follows the order: pristine MWCNT > MWCNT-COOH > PPI/MWCNT. This trend reflects the
progressive introduction of thermally less stable functional groups and organic moieties onto the
surface of the nanotubes. For all samples, a minor initial weight loss occurring below approximately
100°C can be attributed to the removal of physically adsorbed moisture and residual solvents on the
surface of the materials. In the case of pristine MWCNT, no significant weight loss is observed over a
wide temperature range, indicating excellent thermal stability and the absence of thermally labile surface
functionalities. In contrast, both MWCNT-COOH and PPI/MWCNT exhibit noticeable weight loss in the
temperature range of 200–400°C. This behavior is primarily associated with the thermal decomposition
of oxygen-containing functional groups, such as carboxyl and hydroxyl moieties, introduced during the
oxidation process. For the PPI/MWCNT nanocomposite, additional weight loss in this region can also be
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attributed to the degradation of the grafted PPI dendrimer chains, further confirming the successful
surface functionalization of MWCNTs. At higher temperatures, a rapid and pronounced weight loss is
observed for MWCNT-COOH and PPI/MWCNT beginning at approximately 400°C and extending up to
800°C. This stage is mainly attributed to the decomposition of the carbon framework and collapse of the
nanotube structure [23, 30]. The greater mass loss observed for the PPI/MWCNT sample compared to
MWCNT-COOH is consistent with the presence of additional organic content derived from the PPI
dendrimers. The TGA results provide strong evidence for the successful functionalization of MWCNTs
and demonstrate the incorporation of PPI onto the nanotube surface, while also highlighting the trade-off
between enhanced surface functionality and reduced thermal stability.

3.1.5. Zeta potential
Zeta potential measurements were conducted to investigate the surface electrical properties of the
prepared materials and to elucidate their role in the adsorption process. Zeta potential is a key
parameter reflecting the surface charge and colloidal stability of adsorbents in aqueous media [31]. The
zeta potential profiles of pristine MWCNT as a function of pH are presented in Fig. 5a. The results show
that the point of zero charge (pH�zc) of MWCNT occurs at approximately pH 5.1. This relatively low
pH�zc value indicates that the MWCNT surface is predominantly acidic in nature, mainly due to the
presence of oxygen-containing functional groups. Consequently, at solution pH values higher than 5.1,
the MWCNT surface becomes negatively charged, which leads to electrostatic repulsion toward
negatively charged species while favoring the adsorption of positively charged ions. After grafting the
PPI dendrimers onto the surface of MWCNT, a significant shift in the pH�zc is observed, moving to
approximately 8.3, as shown in Fig. 5b. This pronounced increase in the zero-point charge can be
attributed to the introduction of abundant amine groups from the PPI dendrimers, which are readily
protonated under acidic and neutral conditions. As a result, the overall surface charge of the
PPI/MWCNT nanocomposite becomes more positive over a wide pH range. This shift in surface charge
not only confirms the successful attachment of PPI dendrimers onto the MWCNT surface but also
suggests an enhanced electrostatic attraction, as well as improved interaction with metal ions through
electrostatic forces and coordination bonding. Therefore, the zeta potential results provide important
insight into the adsorption behavior of the PPI/MWCNT nanocomposite and highlight its suitability for
heavy metal ion removal.

3.2. Pollutant adsorption

3.2.1. Influence of pH
The effect of solution pH on the adsorption performance of the PPI/MWCNT nanocomposite was
systematically investigated over a pH range of 2–7, since pH is a critical parameter governing both the
surface charge of the adsorbent and the speciation of metal ions in aqueous solutions. The results
demonstrate that the removal efficiency of metal ions strongly depends on the solution pH. As the pH
value increases, a pronounced enhancement in adsorption capacity is observed for all studied metal
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ions. As illustrated in Fig. 6a, the maximum adsorption efficiencies were achieved at pH 7.0, reaching
approximately 97% for Cd²⁺, 95% for Cu²⁺, and 87% for Pb²⁺. This improvement in adsorption at higher pH
values can be primarily attributed to changes in the surface charge of the PPI/MWCNT adsorbent and
the reduction of electrostatic repulsion between the adsorbent and metal ions. At low pH values, the
amino groups present on the PPI dendrimers are highly protonated, forming –NH₃⁺ species. This
protonation results in a positively charged adsorbent surface, which induces strong electrostatic
repulsion toward the positively charged Cd²⁺, Cu²⁺, and Pb²⁺ ions [32]. As the pH approaches neutral
conditions, partial deprotonation of the amino groups occurs, leading to a decrease in surface positive
charge and enhanced accessibility of coordination sites for metal ions. Consequently, electrostatic
repulsion is minimized, and metal ions can be more effectively adsorbed through electrostatic attraction
and complexation interactions. It is important to note that at pH values above 7, all three metal ions tend
to precipitate in the form of metal hydroxides, which interferes with the true adsorption process. In
contrast, no precipitation was observed under neutral pH conditions, ensuring that metal removal is
governed solely by adsorption mechanisms. Therefore, pH 7.0 was selected as the optimal pH for
subsequent adsorption experiments, as it provides maximum removal efficiency while avoiding metal ion
precipitation and maintaining system stability.

The pH-dependent adsorption behavior of Cd²⁺, Cu²⁺, and Pb²⁺ on the PPI/MWCNT nanocomposite can
be well explained by correlating the experimental results with the zeta potential measurements and
metal ion speciation in aqueous solutions. As discussed previously, zeta potential analysis revealed that
the point of zero charge (pH�zc) of pristine MWCNT is approximately 5.1, while grafting PPI dendrimers
shifts the pH�zc to around 8.3. This significant shift indicates that the PPI/MWCNT surface remains
positively charged over a wide pH range, particularly under acidic and mildly neutral conditions. At low
pH values (pH < 5), the amino groups on the PPI dendrimers are extensively protonated, forming –NH₃⁺
species, which results in a highly positive surface charge. According to the zeta potential results, this
strong positive charge leads to pronounced electrostatic repulsion between the adsorbent surface and
the positively charged metal ions (Cd²⁺, Cu²⁺, and Pb²⁺), thereby suppressing adsorption efficiency. In
addition, the high concentration of protons (H⁺) competes with metal ions for available adsorption sites,
further reducing metal uptake. As the solution pH increases toward neutral conditions, partial
deprotonation of the amino groups occurs, resulting in a gradual decrease in surface positive charge, as
reflected by the zeta potential profiles. This reduction in electrostatic repulsion facilitates closer
interaction between the metal ions and the functional groups on the PPI/MWCNT surface, enhancing
adsorption through electrostatic attraction and coordination bonding. Consequently, the highest removal
efficiencies for Cd²⁺ (97%), Cu²⁺ (95%), and Pb²⁺ (87%) are achieved at pH 7.0, where surface charge
conditions are most favorable for metal ion binding.

In parallel, metal ion speciation plays a crucial role in determining adsorption performance. At acidic to
neutral pH values (pH ≤ 7), Cd²⁺, Cu²⁺, and Pb²⁺ predominantly exist in their free ionic forms, which are
readily available for adsorption. The relevant aqueous equilibria can be expressed as follows:

Cd²⁺ + 2OH⁻ ⇌ Cd(OH)₂(s) (1)
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Cu²⁺ + 2OH⁻ ⇌ Cu(OH)₂(s) (2)

Pb²⁺ + 2OH⁻ ⇌ Pb(OH)₂(s) (3)

At pH values above 7, the concentration of hydroxide ions increases significantly, promoting the
formation and precipitation of metal hydroxides. This precipitation was experimentally observed for all
three metal ions at pH > 7 and prevents accurate evaluation of adsorption performance. In contrast, no
precipitation occurs at neutral pH, ensuring that metal removal proceeds exclusively via adsorption
rather than chemical precipitation. Therefore, the combined interpretation of zeta potential behavior and
metal ion speciation clearly explains the superior adsorption performance observed at neutral pH. The
optimal pH of 7.0 provides a balance between minimized electrostatic repulsion, favorable surface
charge characteristics, and stable metal ion speciation, making it the most suitable condition for
efficient heavy metal removal using the PPI/MWCNT nanocomposite.

3.2.2. Influence of adsorbent dosage
A series of adsorption experiments were conducted using different amounts of PPI/MWCNT, and the
corresponding results are presented in Fig. 6b. As shown in the figure, the removal efficiency of Cd²⁺,
Cu²⁺, and Pb²⁺ increases progressively with an increase in PPI/MWCNT dosage. This behavior is due to
the greater number of available adsorption sites and the enlarged effective surface area provided by
higher amounts of adsorbent [33]. At lower dosages, a limited number of active sites are available,
leading to incomplete removal of metal ions from the solution. With increasing adsorbent dosage, the
probability of metal ions encountering accessible binding sites increases, resulting in a marked
improvement in adsorption efficiency. As observed, an adsorbent dosage of 0.06 g L⁻¹ was sufficient to
achieve the highest removal efficiencies for all studied metal ions. At this optimal dosage, nearly
complete elimination was obtained, reaching 100% for Cd²⁺, 99% for Cu²⁺, and 90% for Pb²⁺. Beyond this
dosage, no significant improvement in removal efficiency is expected, as most metal ions have already
been adsorbed and the adsorption sites remain in excess. Therefore, 0.06 g L⁻¹ was selected as the
optimal dose, providing maximum removal efficiency while maintaining economical use of the
PPI/MWCNT nanocomposite.

3.2.3. Adsorption influence of adsorbate concentrations
To elucidate the adsorption mechanism and to provide essential information for the design and
optimization of an effective treatment system, it is crucial to establish the relationship between the initial
contaminant concentration and the amount of metal ions adsorbed by the adsorbent. Accordingly, the
effect of varying initial concentrations of Cd²⁺, Cu²⁺, and Pb²⁺ on the removal efficiency of the
PPI/MWCNT nanocomposite was systematically investigated, and the corresponding results are
presented in Fig. 6c. As evident from the figure, the removal efficiency of all three metal ions decreases
with increasing initial metal ion concentration. This trend can be attributed to the saturation of available
adsorption sites on the adsorbent surface. At lower contaminant concentrations, the ratio of available
active sites to metal ions is relatively high, allowing most metal ions to be effectively captured by the
PPI/MWCNT adsorbent, resulting in near-complete removal. In contrast, as the initial metal ion
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concentration increases, the number of metal ions in solution exceeds the available adsorption sites,
leading to competitive occupation of binding sites and a gradual reduction in removal efficiency. In the
present study, when the initial contaminant concentration was reduced from 200 to 50 mg L⁻¹, a
significant improvement in metal ion elimination was observed. Specifically, the removal efficiency
increased from 63% to 100% for Cd²⁺, from 60% to 100% for Cu²⁺, and from 53% to 93% for Pb²⁺. These
results indicate that the PPI/MWCNT nanocomposite exhibits excellent adsorption performance at low
to moderate contaminant concentrations, which are commonly encountered in industrial wastewater.
Furthermore, the observed dependence of removal efficiency on initial concentration provides valuable
insight into adsorption site availability and saturation behavior, which is essential for predicting
adsorbent performance and scaling up the process for practical wastewater treatment applications.

3.2.4. Influence of contact time
Figure 6d exhibits that the optimal contact time for the pollutant adsorption is 20 min. As observed, by
enhancing contact time, lots of metal ions were eliminated and heavy metal ion adsorption becomes
steady after equilibrium time. In this way, nearly 97%, 95%, and 87% of Cd2+, Cu2+, and Pb2+ after 20 min
removed, respectively. Hence, this time is selected as the equilibrium time for subsequent tests. Beyond
this point, no significant increase in removal efficiency is observed, indicating that equilibrium has been
achieved. Therefore, a contact time of 20 minutes is considered sufficient for complete adsorption under
the tested conditions and was selected as the equilibrium time for all subsequent adsorption
experiments. The rapid attainment of equilibrium highlights the high adsorption efficiency of the
PPI/MWCNT nanocomposite, which can be attributed to its large surface area, the presence of abundant
functional groups from the PPI dendrimers, and the effective dispersion of MWCNTs, all of which
facilitate fast interaction with metal ions in solution.

3.3. Fundamental aspects of metal-ion adsorption and the
role of dendrimer structure
The adsorption of Cu(II) and Pb(II) ions by dendrimer-functionalized carbon nanotube composites is
influenced by the chemical functionality of the dendrimer, the accessibility of its binding sites, and the
surface properties of the supporting material. In the present study, the successful functionalization of
multi-walled carbon nanotubes (MWCNTs) with polypropylene imine (PPI) dendrimers was supported by
FTIR and XPS characterization. The FTIR bands assigned to amino and amide-related groups, together
with the XPS signals associated with nitrogen-containing functionalities, confirmed the incorporation of
PPI into the composite structure. Furthermore, the increase in the point of zero charge from
approximately 5.1 for MWCNTs to 8.3 for PPI/MWCNTs was consistent with the introduction of basic
nitrogen-containing groups onto the nanotube surface. These structural and surface-chemical changes
provide a plausible explanation for the improved availability of potential metal-binding sites in the
functionalized composite. The interaction of Cu(II) and Pb(II) ions with the composite may involve
coordination with accessible nitrogen-containing functional groups, together with contributions from
electrostatic interactions and the surface characteristics of the carbon nanotubes. However, the relative
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contributions of these mechanisms cannot be determined from the reported characterization data alone.
In particular, although PAMAM dendrimers contain amide groups in addition to terminal amino groups,
their presence does not necessarily establish a higher adsorption capacity than that of PPI dendrimers.
The effective adsorption performance also depends on dendrimer generation, functional-group
accessibility, degree of protonation, dendrimer loading, and experimental conditions. Accordingly, a
definitive explanation for the potentially higher adsorption of Cu(II) and Pb(II) by PAMAM-based
materials compared with PPI-based materials requires a direct comparison under identical experimental
conditions. Such a comparison should include adsorption capacities normalized to the mass of the
composite and, where appropriate, to the amount of dendrimer present, as well as complementary
characterization of the adsorbents before and after metal uptake. High-resolution XPS analysis of the N
1s and O 1s regions, supported by FTIR measurements and metal-concentration analysis, would help
determine whether differences in adsorption performance are associated with changes in the chemical
environment of the binding groups. Therefore, the structural characteristics identified in the present
PPI/MWCNT system support the importance of dendrimer functionalization in metal-ion adsorption, but
do not, by themselves, establish the superiority of PAMAM over PPI.

3.4. Nature of Metal-Ion Adsorption and Evidence for
Adsorbent–Adsorbate Interactions
The adsorption of Cu(II) and Pb(II) ions onto the PPI/MWCNT nanocomposite may involve both chemical
interactions and physical contributions. The presence of nitrogen-containing functional groups
introduced by the polypropylene imine (PPI) dendrimer provides potential binding sites for metal ions. In
particular, the nitrogen atoms of accessible amine groups may interact with Cu(II) and Pb(II) through
coordination, while electrostatic interactions may also contribute depending on the solution pH and the
protonation state of the surface functional groups. The FTIR bands assigned to amino- and amide-
related functionalities, together with the XPS evidence for nitrogen-containing groups, support the
successful functionalization of MWCNTs with PPI. In addition, the shift in the point of zero charge from
approximately 5.1 for pristine MWCNTs to 8.3 for PPI/MWCNTs indicates a substantial change in
surface chemistry following functionalization. The kinetic data were better described by the pseudo-
second-order model, whereas the equilibrium data were fitted well by the Langmuir isotherm. These
findings are consistent with adsorption involving a finite population of surface binding sites; however,
neither model independently proves that chemisorption is the exclusive or dominant mechanism. Further
evidence is required to establish the nature of the metal–surface interactions conclusively. The reported
desorption efficiencies of 87% for Cu(II) and 92% for Pb(II) also indicate that a substantial fraction of the
adsorbed ions can be released under the regeneration conditions, supporting the reversibility of the
adsorption process. Therefore, the available results support the involvement of PPI-associated
functional groups in Cu(II) and Pb(II) uptake, but they do not unambiguously distinguish chemical
coordination from electrostatic or other physical contributions. A more definitive mechanistic
assignment would require characterization of the adsorbent before and after metal uptake, particularly
high-resolution XPS analysis of the N 1s, O 1s, and relevant metal core-level regions, together with FTIR
analysis of changes in functional-group signals. Appropriate pH-dependent adsorption experiments and
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controls using pristine MWCNTs and PPI alone would further help clarify the respective contributions of
the dendrimer and nanotube support.

3.5. Contribution of the PPI Dendrimer and MWCNT
Support to Metal-Ion Adsorption
The use of the PPI dendrimer alone may provide adsorption sites for Cu(II), Pb(II), and Cd(II) through its
nitrogen-containing functional groups. However, the performance of the free dendrimer cannot be
directly inferred from the results obtained for the PPI/MWCNT nanocomposite, because the two
adsorbents differ in composition, morphology, and potentially in the accessibility of their binding sites. In
the composite, the PPI dendrimer introduces additional functional groups that may interact with metal
ions, while the MWCNT support provides a carbon-based surface for dendrimer attachment and may
facilitate the distribution and accessibility of these functional groups. Using PPI alone could therefore
result in a different adsorption capacity, adsorption rate, and separation behavior. Nevertheless, it cannot
be concluded from the present data that the free dendrimer would necessarily exhibit lower adsorption
performance, since its behavior would depend on factors such as dendrimer generation, concentration,
aggregation, functional-group accessibility, solution pH, and the initial metal-ion concentration. The
relative contributions of PPI and MWCNTs have not been independently quantified in the present study. A
direct experimental comparison among pristine MWCNTs, PPI alone, and the PPI/MWCNT
nanocomposite under identical adsorption conditions would be required to establish the contribution of
each component. Such experiments should use comparable adsorption conditions and report both
metal-ion removal efficiency and equilibrium adsorption capacity. Where appropriate, normalization to
the amount of PPI in the composite would also help distinguish the contribution of the dendrimer from
that of the nanotube support. Accordingly, the present findings demonstrate the adsorption performance
of the PPI/MWCNT composite, but further comparative experiments are needed to determine whether
combining PPI with MWCNTs provides a measurable advantage over using PPI alone.

3.6. Effect of Solution Volume on the Reliability of
Adsorption Experiments
The solution volume is an important experimental parameter because it determines the liquid-to-solid
ratio and may influence mixing efficiency, mass transfer, sampling, and the reliability of concentration
measurements. However, a relatively large solution volume does not necessarily increase experimental
uncertainty, provided that the adsorbent is uniformly dispersed, the solution is adequately mixed, and
representative samples are collected using a consistent procedure. To ensure reliable adsorption
measurements, the adsorbent dosage, initial metal-ion concentration, contact time, pH, and sampling
procedure should be controlled throughout the experiments. In the present study, the adsorption
performance of the PPI/MWCNT nanocomposite was evaluated under optimized conditions, including
an adsorbent dosage of 0.06 g/L, an initial metal-ion concentration of 100 mg/L, and a contact time of
20 min. The residual metal-ion concentrations were determined using inductively coupled plasma optical
emission spectrometry. Nevertheless, the solution volume alone is insufficient to establish the reliability
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or uncertainty of the adsorption results. These aspects should be evaluated based on the experimental
procedure, replicate measurements, and analytical quality-control data. Therefore, the solution volume
and the associated liquid-to-solid ratio should be explicitly reported to facilitate reproducibility and allow
appropriate assessment of the experimental results.

3.7. Adsorption isotherms
Understanding the interaction mechanisms between heavy metal ions and adsorbent surfaces is of
critical importance for optimizing adsorption processes and designing efficient treatment systems. In
this study, a detailed investigation of adsorption behavior was conducted to provide insight into how
Cd²⁺, Cu²⁺, and Pb²⁺ ions interact with the PPI/MWCNT nanocomposite surface. By fitting the
experimental equilibrium data to these models, it is possible to identify the most appropriate isotherm
that accurately represents the adsorption process and to extract critical parameters such as maximum
adsorption capacity, adsorption intensity, and binding constants (detailed calculations are provided in
the supplementary file). Applying multiple isotherm models not only enables precise characterization of
the adsorption process but also provides valuable mechanistic insight, which is necessary for scaling up
the treatment system and predicting the performance of PPI/MWCNT in practical heavy metal removal
applications. Three models—Langmuir, Freundlich, and Temkin—allow for a comprehensive analysis of
adsorption equilibrium, enabling the identification of the dominant adsorption mechanism, whether it is
monolayer or multilayer, homogeneous or heterogeneous, and influenced by adsorbate–adsorbent
interactions [34–38]. Applying multiple models provides both quantitative parameters, such as
adsorption capacity and affinity constants, and qualitative insight into the nature of interactions
occurring on the PPI/MWCNT surface.

Table 1 indicated that the Langmuir model provided the highest correlation coefficients (R² values) for all
three metal ions, indicating that the adsorption process is best described by monolayer adsorption on a
homogeneous surface. This observation is consistent with the assumption of the Langmuir isotherm
that each adsorption site accommodates only one adsorbate molecule and that there are no interactions
between neighboring adsorbed ions. The maximum adsorption capacities (qₘ) derived from the
Langmuir model were found to be 333.3 mg/g for Cd²⁺, 312.5 mg/g for Cu²⁺, and 270.0 mg/g for Pb²⁺,
highlighting the excellent adsorption performance of the PPI/MWCNT nanocomposite. In comparison,
the Freundlich and Temkin models showed lower correlation coefficients, suggesting that multilayer
adsorption and linear decreases in adsorption heat play a lesser role under the experimental conditions.
These findings indicate that the PPI/MWCNT surface provides uniform, energetically equivalent
adsorption sites that facilitate efficient and selective binding of the heavy metal ions. A graphical
representation of the Langmuir isotherm fitting is provided in Fig. 7, where the experimental equilibrium
adsorption data closely align with the theoretical Langmuir curves. This further confirms that the
adsorption of Cd²⁺, Cu²⁺, and Pb²⁺ onto the PPI/MWCNT nanocomposite occurs predominantly via
monolayer coverage on homogeneous sites, with strong interaction between the metal ions and
functional groups on the dendrimer-modified nanotube surface. These results provide strong evidence
for the high adsorption efficiency and well-defined binding behavior of the PPI/MWCNT adsorbent.
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Table 1
Adsorption isotherm parameters of metal ions removal by PPI/MWCNT.

Metal Langmuir Freundlich Tempkin

Q0 KL RL R2 KF n R2 B1 KT R2

Cd2+ 1620 0.532 0.129 0.999 926 3.78 0.972 280 2.16 0.966

Cu2+ 1590 0.598 0.118 0.999 838 3.39 0.983 262 2.93 0.97

Pb2+ 1460 0.517 0.185 0.999 769 2.67 0.98 225 2.73 0.968

3.8. Kinetic study
Kinetic studies provide critical insight into the adsorption mechanism. By analyzing kinetic data, one can
understand how fast the adsorbate is removed from solution, identify the rate-limiting steps, and
optimize operational parameters such as reactor dimensions, adsorbent dosage, and contact time [39,
40]. Understanding the sorption rate is particularly important for designing scalable treatment systems
and predicting their performance under real wastewater conditions. By applying these models, it is
possible to distinguish between different controlling mechanisms, including surface adsorption,
chemical reaction, and intra-particle diffusion, and thereby provide a detailed understanding of the
adsorption behavior. Such analysis is essential not only for interpreting the underlying mechanism but
also for designing and optimizing practical adsorption systems for efficient heavy metal removal.

The pseudo-first-order (PFO) kinetic model was applied to analyze the experimental adsorption data and
evaluate the rate at which heavy metal ions are removed from aqueous solution [41]. This model
assumes that the rate of adsorption is directly proportional to the number of unoccupied adsorption
sites, making it particularly suitable for describing physisorption processes where interactions are
dominated by weak van der Waals forces or electrostatic attraction. By fitting the experimental data to
the PFO model, preliminary insight into the overall adsorption rate and its dependence on available
surface sites can be obtained. In contrast, the pseudo-second-order (PSO) model indicates a framework
for describing adsorption processes controlled by chemisorption, in which the adsorbate forms strong
chemical bonds with the adsorbent [42]. This model is particularly relevant for systems in which
interactions such as coordination bonding, covalent bonding, or complexation dominate the adsorption
process. Importantly, one of the central findings from applying kinetic models is the identification of the
rate-limiting step in the adsorption process. In many cases, the adsorption of heavy metal ions onto
functionalized adsorbents like PPI/MWCNT is controlled primarily by chemical adsorption, which
involves the exchange or sharing of electrons between the adsorbent’s active sites (e.g., amine or
carboxyl groups) and the metal ions [43, 44]. Recognizing that chemisorption is the rate-limiting step
provides critical mechanistic insight, as it indicates that the adsorption capacity and efficiency are
strongly dependent on the availability and chemical nature of the surface functional groups, rather than
merely on physical diffusion or surface contact.
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When the mass transfer of metal ions in the bulk solution surrounding the adsorbent particles is
considered negligible, the overall adsorption process can generally be conceptualized as occurring in
three sequential steps: (i) the migration of metal ions from the bulk solution to the external surface of
the adsorbent, (ii) diffusion of the ions across the boundary layer surrounding the adsorbent particle
(often referred to as film or external diffusion), and (iii) intra-particle diffusion, in which ions penetrate
into the pores of the adsorbent and occupy internal active sites [45, 46]. Understanding the relative
contribution of each of these steps is essential for identifying the rate-controlling mechanism and for
optimizing adsorption performance. Among the models used to analyze adsorption kinetics, the intra-
particle diffusion (IPD) model is one of the most widely applied for investigating the diffusion-controlled
stages of adsorption. The IPD model helps to determine whether the diffusion of adsorbate molecules
within the pores of the adsorbent is the limiting step or whether other processes, such as surface
adsorption or boundary layer diffusion, dominate the overall rate [47]. Historically, the Weber–Morris
equation has been employed as an experimental approach to evaluate intra-particle diffusion. This
model expresses the amount of adsorbed species as a function of the square root of contact time,
allowing the identification of multi-stage adsorption processes. A linear plot of the adsorbed amount
versus the square root of time indicates that intra-particle diffusion contributes significantly to the
adsorption mechanism. Deviations from linearity or multi-linear regions typically suggest the
simultaneous involvement of multiple mechanisms, such as initial external surface adsorption followed
by slower diffusion into the internal pores. Using this approach provides critical insight into the kinetic
behavior of heavy metal ions on the PPI/MWCNT adsorbent and helps in elucidating the contributions of
different mass transfer processes in the overall adsorption performance.

The kinetic parameters calculated from the experimental adsorption data of Cd²⁺, Cu²⁺, and Pb²⁺ onto
the PPI/MWCNT nanocomposite are compiled in Table 2 (see supplementary file for detailed
calculations). As indicated in Table 2, the R² values for the PFO model are relatively low, generally below
0.8 for all three metal ions. This observation suggests that the PFO model, which is typically associated
with physisorption processes and assumes that the adsorption rate is proportional to the number of
unoccupied sites, does not adequately describe the adsorption behavior of Cd²⁺, Cu²⁺, and Pb²⁺ on the
PPI/MWCNT nanocomposite. The poor fit implies that physisorption alone is not the dominant
mechanism and that other processes, such as chemisorption, play a more significant role. Furthermore,
the IPD model was applied to evaluate whether pore diffusion within the adsorbent was a rate-limiting
step. The R² values obtained for the IPD model are also relatively low, indicating poor linearity and
suggesting that intra-particle diffusion does not play a substantial role in controlling the overall
adsorption rate. This finding implies that the adsorption of heavy metal ions is not strongly limited by
diffusion within the pores of the PPI/MWCNT nanocomposite. Instead, the rapid uptake observed in
earlier contact time studies, coupled with the high correlation of the PSO model (discussed in Table 2
and Fig. 8), indicates that chemisorption involving electron sharing or exchange between the metal ions
and the functional groups on the PPI/MWCNT surface is likely the dominant adsorption
mechanism.Collectively, these kinetic analyses demonstrate that the adsorption of Cd²⁺, Cu²⁺, and Pb²⁺
onto PPI/MWCNT is controlled primarily by chemical interactions at the adsorbent surface, rather than
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by physical adsorption or intra-particle diffusion. This mechanistic insight is critical for designing
efficient adsorption systems and for predicting the performance of the nanocomposite in practical heavy
metal removal applications.

Table 2
Investigation of kinetic factors of adsorption of heavy metal ions by PPI/MWCNT.

Metal (Qe)Exp PFO PSO IPD

(Qe)Cal. k1 R2 (Qe)Cal. k2 R2 kP I R2

Cd2+ 1617 1202 0.159 0.983 1620 0.005 0.999 253 912 0.793

Cu2+ 1583 1147 0.182 0.99 1590 0.006 0.999 231 869 0.779

Pb2+ 1450 1005 0.194 0.988 1460 0.008 0.999 195 793 0.777

3.9. Thermodynamic study
The thermodynamic agents of adsorption provide comprehensive details concerning the nature of the
proceeding (Supplementary file). To infer whether the adsorption proceeding is spontaneous or not and
also to realize the effect of temperature, thermodynamic studies were utilized considerably [48]. A plot
lnKC vs. (1/T) obtained a straight line, in which ∆S° and ∆H° can be gained from the slope and intercept,
respectively. Figure 9 shows the thermodynamics of metal ions removal by PPI/MWCNT. The amounts of
thermodynamic agents of Cd2+, Cu2+, and Pb2+ adsorption are gathered in Table 3. The endothermic
nature of adsorption suggests that higher temperatures favor metal ion uptake, likely by enhancing the
mobility of Cd²⁺, Cu²⁺, and Pb²⁺ ions in solution and facilitating their interaction with the active sites on
the PPI/MWCNT surface. This behavior is consistent with the temperature-dependent adsorption
experiments, where higher removal efficiencies were observed at elevated temperatures. The standard
entropy change (∆S°) values are also positive for all three metal ions. This positive ∆S° reflects the
strong affinity of the metal ions for the PPI/MWCNT surface, as well as the release of water molecules
previously associated with the adsorbent and the solvated metal ions upon binding, which contributes to
increased disorder. The standard Gibbs free energy change (∆G°) is negative for all metal ions.
Furthermore, it is observed that ∆G° becomes more negative as the temperature increases,
demonstrating that higher temperatures enhance the spontaneity of the adsorption process. Importantly,
the magnitude of ∆G° values lies within the range of − 20 to 0 kJ/mol, which is characteristic of
physisorption processes [49]. This indicates that, while chemisorption plays a role in specific
interactions between functional groups on PPI/MWCNT and metal ions, the overall adsorption
mechanism is predominantly driven by physical interactions. The thermodynamic analysis confirms that
the adsorption of Cd²⁺, Cu²⁺, and Pb²⁺ onto the PPI/MWCNT nanocomposite is spontaneous,
endothermic, and driven by favorable entropic changes, with physisorption as the dominant mechanism.
These findings provide a strong foundation for understanding the temperature dependence and
energetic feasibility of heavy metal removal using the PPI/MWCNT adsorbent.
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Table 3
Thermodynamic factors of ion adsorption by PPI/MWCNT.

Metal ∆H (kJ/mol) ∆S (J/molK) ∆G (kJ/mol) at temperatures (K)

298 308 318 328 338

Cd2+ 3.389 65.061 -3.999 -4.65 -4.3 -5.951 -5.601

Pb2+ 6.975 89.658 -6.742 -7.639 -8.536 -8.432 -8.329

Cu2+ 4.066 72.809 -5.631 -5.359 -6.087 -6.815 -7.543

3.10. Desorption studies
Over the years, numerous materials have been synthesized and employed to remove pollutants [50–86].
The adsorbent stability, reusability, and regeneration potential are equally important, particularly when
considering the practical application of these materials in industrial-scale wastewater treatment. Cost-
effectiveness is another key consideration, as adsorbents that can be regenerated and reused multiple
times without significant loss of performance are more feasible for real-world implementation. Industrial
effluents commonly contain heavy metal ions such as Cd²⁺, Cu²⁺, and Pb²⁺, which necessitate the use of
adsorbents capable of not only efficiently removing these contaminants but also sustaining performance
over repeated cycles. To evaluate the practical applicability and regenerative capability of the
PPI/MWCNT nanocomposite, desorption experiments were conducted under neutral pH conditions (pH 
= 7). As shown in Fig. 10, the PPI/MWCNT adsorbent exhibited excellent desorption capacity for all three
studied metal ions. The desorption efficiencies were found to be 84% for Cd²⁺, 87% for Cu²⁺, and 92% for
Pb²⁺. These high desorption values indicate that the PPI/MWCNT nanocomposite allows efficient
recovery of adsorbed metal ions and can be regenerated for subsequent adsorption cycles without
significant loss of performance. The observed adsorption-desorption behavior demonstrates the strong
yet reversible interaction between metal ions and the functional groups on the PPI/MWCNT surface,
including amine and carboxyl groups, which facilitate effective binding during adsorption and release
under mild conditions during desorption. Such reversible adsorption not only enhances the economic
feasibility of the material but also reduces secondary waste generation, making PPI/MWCNT a
promising candidate for sustainable and cost-effective heavy metal removal in industrial wastewater
treatment [50, 51]. These results highlight that the PPI/MWCNT nanocomposite possesses a desirable
combination of high adsorption capacity, thermal and chemical stability, and excellent regeneration
ability, which are essential characteristics for practical applications in environmental remediation.

4. Conclusion
In the present study, the adsorption performance of the PPI/MWCNT nanocomposite for the removal of
Cd²⁺, Cu²⁺, and Pb²⁺ ions from aqueous solutions was systematically investigated and optimized. The
results demonstrated that maximum removal efficiency was achieved under the following optimal
conditions: adsorbent dosage of 0.06 g/L, initial metal ion concentration of 100 mg/L, and contact time
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of 20 min. Under these conditions, the nanocomposite exhibited rapid adsorption kinetics and high
removal efficiency for all three heavy metal ions, indicating strong affinity between the adsorbent surface
and the target contaminants. Equilibrium studies revealed that the adsorption behavior of Cd²⁺, Cu²⁺, and
Pb²⁺ was best described by the Langmuir isotherm model, suggesting monolayer adsorption onto a
homogeneous surface with finite and energetically equivalent binding sites. The calculated maximum
adsorption capacities (qₘ) were remarkably high, reaching 1620 mg/g for Cd²⁺, 1590 mg/g for Cu²⁺, and
1460 mg/g for Pb²⁺. These values indicate the exceptional adsorption potential of the PPI/MWCNT
nanocomposite compared to many conventional adsorbents reported in the literature. Kinetic analysis
showed that the adsorption process followed the pseudo-second-order kinetic model, implying that
chemisorption is the dominant mechanism governing metal ion uptake. This suggests that electron
sharing or exchange occurs between the functional groups of the PPI dendrimer and the heavy metal
ions. The abundant amine functional groups present in the PPI structure, combined with the high surface
area and conductive network provided by MWCNTs, contribute significantly to the enhanced adsorption
performance. The synergistic interaction between PPI and MWCNTs creates a large number of
accessible active sites, facilitating rapid mass transfer and efficient metal ion binding. Furthermore,
desorption and regeneration experiments demonstrated excellent reusability of the nanocomposite. High
desorption efficiencies were achieved over multiple adsorption–desorption cycles, with minimal loss in
adsorption capacity. This confirms the structural stability and durability of the PPI/MWCNT
nanocomposite under repeated operational conditions, highlighting its practical feasibility for long-term
wastewater treatment applications. The combination of high adsorption capacity, rapid uptake kinetics,
favorable equilibrium behavior, and outstanding regeneration performance establishes the PPI/MWCNT
nanocomposite as a highly efficient and robust adsorbent for toxic heavy metal removal. Its superior
performance, coupled with cost-effectiveness and operational stability, underscores its strong potential
for sustainable industrial-scale applications in heavy metal remediation and environmental protection.
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Figure 1

(a) FT-IR and (b) Raman spectra of as-constructed samples (a: MWCNT, b: MWCNT-COOH, c: MWCNT-
COCl, and d: PPI/MWCNT).
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Figure 2

The SEM images of (a) MWCNT-COOH and (b) PPI/MWCNT samples. The TEM images of (c) MWCNT-
COOH and (d) PPI/MWCNT samples.
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Figure 3

(a) The survey XPS spectrum of as-constructed samples, high-resolution scans of C1s for (b) MWCNT-
COOH and (c) PPI/MWCNT samples.
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Figure 4

TGA plots of (a) MWCNT, (b) MWCNT-COOH, and (c) PPI/MWCNT samples.

Figure 5

Zeta potential of (a) MWCNT and (b) PPI/MWCNT samples.
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Figure 6

Influence of (a) pH, (b) adsorbent dosage, (c) adsorbate concentrations, and (d) contact time on
elimination of Cd2+, Cu2+ and Pb2+ by PPI/MWCNT system.
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Figure 7

Langmuir isotherm of heavy metal ions adsorption on PPI/MWCNT system.

Figure 8

The PSO rate model for adsorption of heavy metal ions by PPI/MWCNT.
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Figure 9

lnKc vs. 1/T plot (Van’t Hoff plot) for ion adsorption on the PPI/MWCNT.

Figure 10

Desorption of heavy metal ions on the surface of PPI/MWCNT.
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