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Abstract

The contamination of water by cadmium poses serious health and environmental
risks, and the use of efficient and costeffective adsorbents to remove Cd** in
aqueous media is necessary. The synthesis and evaluation of a bimetallic Sr-Cu
supported graphitic carbon nitride (Sr-Cu@gC3N4) composite to remove Cd*? in
aqueous solutions is discussed here. The composite was made through a simple
wetimpregnation process, which ensure evenly distributed Sr and Cu on the g-
CsNs surface. To investigate the effects of pH, contact time, initial metal
concentration, the dosage of adsorbent and temperature, batch adsorption studies
were carried out. The Sr-Cu@gCsN4 was found to have a maximum adsorption
capacity of 178 mg g' in 30 min at pH 6 and 298 K, which was best explained
y the pseudo-second-order model, indicating that chemisorption was the most
dominant mechanism. The Langmuir isotherm fit the equilibrium data well,
which confirmed the monolayer adsorption on a homogeneous surface.

Copyright @Author ‘ i A ‘
Corresponding Author: * Thermodynamic studies indicated that the process is exothermic and spontaneous.
Muhammad Ashraf The adsorbent also showed five regeneration cycles making it highly effective and
Shaheen thus proving to be practically reusable. In general, Sr-Cu@g-CsNy is a promising,
stable, and effective material to use in Cd** removal during wastewater treatment.
Introduction
The removal of toxic heavy metals from one of the most hazardous pollutants due to its high
contaminated water remains one of the most aqueous mobility, long environmental persistence,

persistent and high-priority environmental challenges
of the 21st century [1]. Rapid industrial expansion,
improper waste disposal, and the continuous rise in
electronic-waste recycling have all contributed to the
increased amount of heavy metals released into water
[2]. Among these, cadmium (Cd*) is recognized as

Chronic
exposure to Cd”is linked to kidney dysfunction,
skeletal degradation, neurological damage, and
carcinogenic effects, even at concentrations below
regulatory limits [3]. The fact that it is commonly
found in effluents of electroplating, pigment

and severe bioaccumulation potential.
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manufacturing, battery manufacturing, and alloy
processing highlights the dire necessity of
purification technologies that are highly efficient,
selective, and costeffective and can work under
realistic environmental conditions [4].

Conventional Cd* removal methods including
precipitation, ion exchange, membrane filtration,
and electrochemical treatments, tend to be effective
in the laboratory but have severe limitations in
application in the real world. These include high
operational costs, narrow pH tolerance, membrane
fouling, poor selectivity in multi-ion systems, and the
generation of secondary waste streams. Adsorption,
by contrast, has emerged as a batter alternative due
to its operational simplicity, rapid kinetics, potential
for regeneration, and adaptability to diverse
wastewater —matrices [5-14. However, despite
extensive research efforts, the development of
adsorbent materials that combine high capacity,
strong affinity, fast uptake, chemical stability, and
recyclability, particularly for Cd™, remains a
formidable challenge [15-19].

In recent years, graphitic carbon nitride (2-C;N,) has
gained considerable attention as a multifunctional
material for environmental applications. The
distinctive structure, which consists of tri-s -triazine,
gives it a nitrogen (N) based skeleton with the ability
to coordinate with metal ions through the electron
donor sites. In addition, g-C;N, is chemically robust,
thermally stable, inexpensive, and environment
friendly. However, pristine g-C;N, suffers from
intrinsic limitations that restrict its adsorption
performance including low specific surface area,
limited porosity, strong interlayer stacking, and less
number of high-affinity binding sites. These gaps
hinder its ability to take up heavy-metals and
motivate the need for strategic material modification.
As a result, it has been a primary research goal to
improve the quantity and characteristics of active
sites on g-C;N, in order to increase metal uptake
(20].

To overcome these limitations, recent trends (2024-
2025) emphasize metal incorporation, heteroatom
doping, surface functionalization, and nanostructure
engineering as effective pathways to enhance the
adsorption capabilities of gC;N,. Among these
strategies, metal loading has emerged as one of the
most powerful methods, owing to the ability of metal

species to introduce new coordination centers,
modulate surface charge distribution, enhance Lewis
acidity, and improve electron-transfer interactions.
As an example, oxygen-doped g-C;N, g hybridized
with molybdenum (Mo) and sulfur (S) enhanced the
removal of Cd™ significantly: the modified product
had an adsorption capacity of about 294 mg g',
which is about 8.7 times that of the pure material,
and retained more than 94% of its activity in the
presence of other ions, including Ca™, Mg™, and
Zn* (H. Yin et al, 2024). Mechanistic analysis
showed that the new Cd™ species associated with
these dopants were formed, showing that selective
additives can form stronger and more specific
interactions with Cd™.Transition metals such as
copper (Cu) provide strong complexation ability
toward heavy metal ions, while alkaline-earth metals
such as strontium (Sr) can modify the structural
environment, enhance stability, and introduce
additional ionic interaction sites. When combined,
Sr and Cu can potentially create cooperative binding
environments, enabling faster and more selective
adsorption processes [21-25].

Despite the progress in modified g-C;N, composites,
a clear research gap remains. Most existing studies
focus on single-metal modified g-C;N, or investigate
heavy-metal removal under narrow experimental
conditions. Reports specifically examining bimetallic
Sr-Cu functionalization of gC;N, are extremely
limited, and to date, only a small number of studies
explore how the synergistic interactions between
alkaline-earth and transition metals enhance Cd**
adsorption capacity and selectivity. Furthermore, the
mechanistic understanding of how such bimetal-
modified sites contribute to surface complexation,
electron exchange, and bindingsite heterogeneity is
still underdeveloped. Additionally, most previous
studies neglect essential practical performance
indicators including adsorption thermodynamics,
kinetic modeling, and applicability across varying pH
conditions, tolerance to coexisting ions, and multi-
cycle regeneration efficiency. Addressing these gaps is
crucial for advancing the real-world applicability of g
C;N, based adsorbents [26-31].

In this context, the present study develops and
evaluates a Sr-Cu supported graphitic carbon nitride
composite (Sr-Cu@g-C;N,) as a high-performance
adsorbent for Cd** removal from aqueous solutions.
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The incorporation of Sr and Cu is hypothesized to
introduce abundant active sites, enhance surface
electron density, and create synergistic binding
centers capable of strongly interacting with Cd*.
Through systematic batch adsorption experiments,
the effects of pH, contact time, temperature, initial
concentration, and adsorbent dosage are thoroughly
investigated. The adsorption behavior is further
analyzed using kinetic, isotherm, and
thermodynamic models to elucidate the underlying
mechanisms governing Cd*" uptake. The study aims
not only to demonstrate the superior adsorption
performance of Sr-Cu@gC;N, but also to provide
mechanistic insights that can guide the rational
design of next-generation bimetallic adsorbents. The
findings highlight the potential of Sr-Cu@g-C;N, as a
promising candidate for future water purification
technologies, addressing both environmental and
industrial demands for high-performance heavy-metal
remediation materials.

2. Materials and Methods

2.1. Materials

Melamine, copper nitrate trihydrate (Cu(NO5),.H,O,
strontium nitrate  (Sr(NOs),, cadmium nitrate
tetrahydrate (Cd((NOs),.H,O and sodium hydroxide
(NaOH) pellets were obtained of analytical grade and
used without further purification. All the synthesis
and adsorption experiments were performed using
deionized (DI) water. All the glassware were pre-
soaked with 10 % HNO; and washed thoroughly to

avoid contamination.

2.2 Synthesis of Graphitic Carbon Nitride (g-C;N,)

The  synthesis of gC;N, was  thermal
polycondensation of melamine [32]. In brief, 100 g
of melamine was put in a covered high temperature
ceramic crucible and heated to 550 °C in a muffle
furnace at a heating rate of 5 °C per min. The
resulted pale-yellow cake was ground to form bulk g-

CN,.

2.3 Preparation of Sr-Cu@g-C;N, Composite

A simple wetimpregnation strategy was used to
prepare the Sr-Cu@g-C;N, composite to ensure that
the metal loads on the C;N, surface were uniformly
distributed. Firstly, the stoichiometric amount of

Sr(NOs), and Cu(NO;).23H,0 were dissolved in

deionized water, creating a clear mixture of metals
precursor solution. Individually, a known amount of
2-C;N, powder was suspended into this solution and
stirred vigorously for 3 h to encourage close
interaction between the metal ions and the N-rich
environments of the support. pH of the suspension
was then gradually changed to about 9 with 0.1M
NaOH, which co-precipitated Sr and Cu species onto
the g-C;Ny surface under controlled conditions. The
mixture was aged at 12 h, filtered and washed
carefully to eliminate the traces of nitrates followed
by drying at 80 °C overnight. Lastly, the dried
product was heated at 350°C under 2 hours to
change the deposited metal hydroxides to stable
oxide phases and improve their anchorage on the g
C;N, framework. The product, namely Sr-Cu@g
C;N, had been ground into fine powder and stored
to be used in adsorption investigations in future.

2.4. Batch Sorption Experiments

The batch adsorption tests were conducted in the
ambient laboratory environment to determine the
most preferred experimental parameters of the
maximum removal of Cd* by Sr-Cu@gC;N,
composite. A 1000 mg L' stock solution was
prepared by dissolving the necessary amount of
Cd(NO;3),. H,0O in deionized water. The solution was
mixed to obtain homogeneity and then the solution
was further diluted to obtain the working solution of
desired concentrations. pH of each solution was
adjusted by adding a 0.1M HCI or 0.5M NaOH, and
monitored with a calibrated pH meter. The
accurately weighed amount of Sr-Cu@g-C;N, (30mg/
100ml) was added to 100 mL of Cd* solution in
250mL of Erlenmeyer flasks, which was agitated at
200 rpm in a thermostatic orbital shaker to ensure
homogenous contact between the sorbent and the
metal ions.

The effect of various operational parameter on the
uptake of Cd'? was systematically investigated. These
were solution pH (2-10), contact time (5-60min),
initial Cd™ concentration (10-150mg L"), sorbent
dosage (10-60mg) and temperature (298-318K).
Equilibrium data was explored using four adsorption
isotherms; Langmuir, which represents monolayer
adsorption on a homogenous surface; Freundlich,
which describe adsorption on a heterogeneous

surface; Dubinin -Radushkevich (D-R), which give
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information  about adsorption energy and
mechanism and Elovich, which applies on systems
whose adsorption sites are heterogeneous. These
models allowed the overall evaluation of adsorption
capacity, single surface heterogeneity and binding
interactions.

The time-dependent experiments were conducted to
determine the equilibrium conditions and how
adsorption takes place. To interpret the adsorption
mechanism, experimental data were fitted to a set of
kinetic models including pseudo-first-order, pseudo-
second-order, intraparticle diffusion (Weber-Morris),
and pore diffusion (Bangham) to explain the
mechanism behind it. All of these models provide
information on rate limiting processes, contributions
of chemisorption, and diffusional effects. The Gibbs
free energy (AG®), enthalpy (AH®), and entropy (AS®)
were then determined to evaluate the spontaneity,
heat changes, and disorder of the adsorption process.
After adsorption Sr-Cu@g-C;N, adsorbent was
filtrated and samples’ residual dye concentration
(Ce) was determined by UV-Vis spectrophotometer
at the maximum absorption wavelength for Cd*
(Amax = 228.8 nm). The equilibrium adsorption
capacity and removal efficiency (%R) were
determined based on Eq. (1) and (2):

c.-C. |V
qe:% (1)
C,-C
% Re moval :’?fXIOO )

1
Where: q. (mg g'), is the equilibrium sorption
capacityy, C. (mg L'), is the equilibrium
concentration  represents  the  initial  dye
concentration (mg L71), V (L), is the solution volume
and m (g), is the adsorbent mass.

2.5. Regeneration Study

The reusability of o, were tested in terms of
successive adsorption-desorption cycles. Following
the adsorption experiment of every batch, the Cd"
loaded adsorbent was recovered through filtration
followed by washing with deionized water and
desorbing with 0.1 M HCI under gentle stirring over
60 minutes. The regenerated adsorbent were washed,
dried at 80 °C and reused at the same adsorption
conditions. To determine the stability of adsorption

behavior and structural integrity of the composite,
five cyclic operations were performed in series.

3. Results and Discussion

3.1. Synthesis of Graphitic Carbon Nitride (g-C;N,)
The  synthesis of gC;N, was  thermal
polycondensation of melamine. In brief, 100 g of
melamine was put in a covered high temperature
ceramic crucible and heated to 550 °C in a mulffle
furnace at a heating rate of 5 °C per min. The
resulted pale-yellow cake was ground to form bulk g-

CsN,.

3.2. Preparation of Sr-Cu@g-C;N, Composite

A simple wet-impregnation strategy was used to
prepare the Sr-Cu@g-C;N, composite to ensure that
the metal loads on the C;N, surface were uniformly
distributed. Firstly, the stoichiometric amount of
Sr(NOs);, and Cu(NOs).23H,O were dissolved in
deionized water, creating a clear mixture of metals
precursor solution. Individually, a known amount of
2-C;N, powder was suspended into this solution and
stirred vigorously for 3h to encourage close
interaction between the metal ions and the N-rich
environments of the support. pH of the suspension
was then gradually changed to about 9 with 0.1IM
NaOH, which co-precipitated Sr and Cu species onto
the ¢C;N, surface under controlled conditions. The
mixture was aged at 12 h, filtered and washed
carefully to eliminate the traces of nitrates followed
by drying at 80 °C overnight. Lastly, the dried
product was heated at 350°C under 2 hours to
change the deposited metal hydroxides to stable
oxide phases and improve their anchorage on the g
C;N, framework. The product, namely Sr-Cu@g
C;N, had been ground into fine powder and stored
to be used in adsorption investigations in future

3.3. Batch Sorption Studies

3.3.1. Effect of pH

The effect of solution pH on Cd** adsorption was
investigated within 2-10 pH as shown in Fig.1 (a). At
pH 2, adsorption efficiency was relatively low and
this can be explained by the fact that excess H" ions
and Cd™ ions compete strongly over the available
adsorption sites as well as the protonation of surface
functional groups which suppresses the metal
sorbent interactions. Raising the pH to 4 resulted in
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a significant effect on the efficiency of the adsorption
process, which means that the surface sites began to
be deprotonated partially and the electrostatic
repulsion decreased.

The highest level of Cd*"* adsorption occurred at pH
6 with a with sorption capacity of 178 mg g' ,
indicating that near-neutral conditions provide the
most suitable surface charge properties to facilitate
Cd” binding. The sorbent surface is mainly

negatively charged at this pH which allows the
surface and Cd*™* to strongly interact electrostatically
and form complexes. Minimal reduction in the
adsorption efficiency was found at pH 8 and pH 10,
which is probably because of the development of
cadmium hydroxide species and partial precipitation,
which reduce the number of free Cd™ in solution.
Based on this, pH 6 was chosen as the best pH to be
used in all further adsorption experiments.

9 10 11 12 13

Figure. 1. Effect of pH on Cd** adsorption onto Sr-Cu@g-C;N,composite.

3.3.2. Effect of Sorbent Dosage

The effects of Sr-Cu@g-C;N, dosage on the removal
of Cd** were examined by changing the amount of
adsorbent (10-50 mg) in Cd" solution at pH 6,
temperature 298 K, and 30 min contact time. The
adsorption capacity was found to rise significantly
with increasing dosage between 10 and 30mg as
shown in Fig.2a because more active sites of the
adsorbent surface were available. At concentrations
above

30 mg, the equilibrium adsorption capacity per mg
showed a slight decrease, which could be attributed
to particle agglomeration, unsaturation at surface
sites, and possible competition among active sites,
thus decreasing additional Cd™ uptake [33]. As a
result, 30 mg was found as the most effective dosage
of sorbent, offering high removal efficiency with less
amount of sorbent used, making it practical and
applicable in real-life and industry-level.

3.3.3. Effect of Initial Metal lon Concentration

The influence of initial Cd"* concentration on the
sorption capacity of Sr-Cu@g-C;N, was investigated
by changing the Cd*"* concentration in the range of
10 to 150mg L' under optimum conditions of pH 6,
30mg dose of adsorbent, 298K and contact time
120min. Fig. 2b illustrates that the adsorption
capacity increase significantly with the increase of
Cd™ concentration, 28.5 to 178mg g', reaching
maximum at 100mg L. This is explained by the fact
that the mass-transfer driving force increases with
increasing concentration, and thus, at an increased
concentration, the diffusion of the Cd* in the bulk
solution to the sorbent surface is accelerated and
hence, adsorption increases.

The adsorption capacity reached a plateau beyond
100 mg L', which indicates that most of the active
sites on Sr-Cu@g-C;N, were occupied by Cd™ ions.
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At this point, further uptakes were not achieved as
concentration increased further because the binding
sites were saturated. This site-limited performance
indicates that the initial metal ion concentration has
to be optimized to achieve the maximum removal
performance as well as to provide efficient use of the
sorbent under the practical application.

3.3.4 Effect of Contact Time

The influence of contact time on adsorption of Cd™
onto Sr-Cu@g-C;N, was measured to find out the
time required to reach equilibrium. As shown in
Fig. 2¢c, the rate of adsorption was rapid within the
first 10-15 minutes, which could be explained by the
presence of vacant active sites and the large
concentration gradient between the solution and the
surface of the sorbent [34]. The equilibrium was
reached in 30 minutes with the maximum
adsorption capacity of 178mg g'.

The high rate of initial absorption is attributed to the
high amount of unoccupied sites on the adsorbent
surface, which easily reacts with Cd*™%. As adsorption
continued, the total number of vacant sites was
reduced and repulsive forces between adsorbed Cd™
and the surrounding solution decreased further,

leading to a plateau at equilibrium [35]. It means
that Sr-Cu@gC;N, has a high adsorption rate and
could effectively eliminate Cd™ in a short contact
time, which is favorable to the practical water
treatment process.

3.3.5 Effect of Temperature

Temperature effects on Cd™ adsorption onto Sr-
Cu@g-C;N, were examined to explain the
thermodynamic properties of the sorption process.
The equilibrium adsorption capacity was found to
slightly decline with temperature between 298 and
318 298 K, and the maximum adsorption (178 mg g
" observed at 298 K, as shown in Fig. 2d.

Cd™ ions bind more with the active binding sites on
the sorbent surface at low temperatures leading to
increased adsorption [36]. As temperature rises, the
mobility of Cd™ ions and their faster transport
increases with the temperature; this reduces the
interactions between the sorbate and the sorbent,
decreasing the adsorption efficiency. This tendency
shows that the process of Cd*™ sorption on Sr-Cu@g-
C;N, is exothermic to some extent and suggest that
the lower temperatures favors stronger binding of

Cd** ion.
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Figure 2. (a) Effect of Sorbent dosage (b) Effect of dye concentration (c) Effect of contact time and (d) Effect of
Temperature on Cd*? adsorption onto Sr-Cu@g-C;N,composite.

3.4. Isothermal Modeling

Adsorption isotherms are essential in defining the
equilibrium distribution of adsorbate molecules at
the solid-liquid interface and also the mechanism of
adsorption itself [37]. The equilibrium sorption data
of Cd” on the Sr-Cu@gC;N, composite was
examined with four commonly used isotherm
models the Langmuir, Freundlich, Dubinin-
Radushkevich (D-R) and Elovich models in the
current study. The models provide information
regarding the surface homogeneity, adsorption
capacity, sorption energy and sorbate sorbent
interactions. The experimental data obtained under
optimized conditions were used to plot the linearized
forms of each model, and the plots were created.

3.3.2. Freundlich model

The Freundlich isotherm model describes adsorption
on  non-uniformly  distributed  surfaces  of
heterogeneous surfaces. Its linearized form is given in
eq 3.

logg, =logK, +llog C, 3)
n

in which, K¢ (mg g") is the Freundlich constant,
which is an adsorption capacity, n is the
heterogeneity factor, which is an adsorption strength.
The plot of the Ing. versus InC, was well-linearized
and the correlation coefficient (R?) was 0.9603, as
shown in Fig. 3a. The n was greater than one, which
indicated desirable adsorption of Cd'* onto the
surface of Sr-Cu@gC;N, composite (Table 1).
However, the comparatively lower value of the R? in
comparison with the Langmuir model suggests that
the multilayer adsorption on the heterogeneous sites
makes a relatively small contribution to the general
adsorption process.

3.3.1. Langmuir Model

The Langmuir model of isotherm assumes
monolayer adsorption on a homogeneous surface
with a finite number of identical and energetically
equivalent active sites in which there is no lateral
interaction between adsorbed species. Linearized
Langmuir equation is as follows:

C 1 )

e

= + €
qe QmaX Xb Qmax
Where, q. (mg g') the equilibrium adsorption
capacity, Qua (mg g') is the maximum monolayer

4)
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adsorption capacity, and b (mg L") is the Langmuir
adsorption constant representing site affinity.

The graph of C./q. versus C, was highly linear, and
the correlation coefficient was high (R* = 0.9934),
which demonstrates that the Langmuir model is best
fitted and suitable to explain the Cd™ adsorption
onto Sr-Cu@g-C;N, as depicted in Fig. 3b. This value
of Qua of about 178 mg g' is very close to the
experimental value, and thus indicated the presence
of a saturated monolayer of Cd"* on the composite
surface(Table 1). The high value of the b also
highlights the high level of interaction between the
Cd™ and the active sites of the Sr-Cu@gC;N,
composite. The Langmuir isotherm results strongly
suggest that adsorption is  predominantly
physisorption driven with favorable binding.

3.3.3. Dubinine-Raduskevish Model (D-RM)

The Dubinin-Radushkevich isotherm is commonly
used to differentiate between physical and
chemisorption on the basis of the mean adsorption
energy. Its linear form is given in eq 5:

Ing,=In X, - e’ )

Here, q.
(mg g") is the adsorption capacity, B (kJ* mol®) is
related to adsorption mean energy, R is the general
gas constant and € is the Polanyi potential value,
which is calculated eq 6:

1
g =RTIn| 1+—

EF=—fp— ©)

The mean energy of adsorption E (k] mol”) was
obtained by eq 7:

E=—— 7)

28
The D-R plot, as shown in Fig. 3¢, has provided the
correlation coefficient of R? =0.7950 and the
estimated mean adsorption energy was about 127 kJ
mol" which was within the chemisorption range
(Table 1)(Zheng et al., 2024). This indicates that Cd"
adsorption on Sr-Cu@g-C;N, is mainly through ion-
exchange or surface complexation instead of weak
physisorption.
3.3.4. Elovich Model
The Elovich isotherm is commonly used to
adsorption systems with heterogeneous surfaces
where the number of sites available to adsorption
grows exponentially [38]. Its linearized form is given
in eq 8:

g, q.
ln E - ln KEQmax - Q (8)

In the above equation, Q... is an adsorption capacity
obtained from the Elovich linearization (mg g") and
Ki (L mg") is the initial rate constant for the sorption
process (Table 1).

The plot of In(q./ C.) verses C,, as shown in Fig. 3d,
exhibited a fair degree of linearity with a correlation
coefficient of R* = 0.9839 which showed that the
Elovich model is partially applicable in explaining
the Cd™ adsorption behavior. Nevertheless, it does
not fit as well as the Langmuir model, suggesting
that, even in the presence of surface heterogeneity,
monolayer adsorption is the prevalent process.
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Table.1 Different parameter obtained from isothermal modeling (linear form) for Cd** adsorption onto St-

Cu@g‘C3N4.

Isothermal Modeling Parameters (Units) Values
Freundlich Kr= Quamg g?) 6.2446
n 1.4146
R? 0.967
Langmuir Qua(mg g") 201.62
b -0.08338
R? 0.9957
Dubinine-Raduskevish Xw= Qua(mg g") 185.83
B (kJ* mol?) 3.09x10°
E (kcal mol?) 127.
R? 0.863
Elovich Qua(mg g") 507
K (L mg") 0.00598
R? 0.9839
2.5 0.6
@3 o). -
2.24 < R2=0.9934
21 04
i 2.0 - .
2 194 *
181 go.z
1.74 ps
164 0.1
1.54
14 . ’ v . 0.04— v : . . v .
1.0 1.5 2.0 25 0 20 40 60 80 100 120

5.3+ log Ce Ce (mg Ll’)

1 R2 =0.9839

5.04

4.9 T T T T T T v 0.1 T T T u T T T
0 1000 2000 3000 4000 5000 6000 7000 20 40 60 80 100 120 140

£ (kI mol ™) Ce(mg LY
Figure 4. Fitting of Isothermal models (linear form) (a) Freundlich (b) Langmuir (c) Dubinine-Raduskevish
model and (d) Elovich model on Cd** adsorption onto Sr-Cu@g-C;N, composite.

3.4. Kinetic Modeling using various classical models: the pseudo-first-order,
To explain the adsorption kinetics and to determine pseudo-second-order, intra-particle diffusion, and
the rate-limiting mechanism dominating the uptake pore diffusion. Only the linearized forms of these
process of Cd” onto the synthesized sorbent, the models are explained.

experimental kinetic data were subjected to analysis

https://thesesjournal.com | Siddique et al., 2025 | Page 583



https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X

Volume 3, Issue 12, 2025

3.4.1. Pseudo-First-Order Kinetic Model.

The pseudo-first-order kinetic model is often used to
assess the adsorption processes in regard to whether
the adsorption of the solute molecules onto the
adsorbent surface is controlled by the bulk diffusion
to the external surface of the adsorbent. The pseudo-
firstorder form of kinetic model is in a linear form
and it is given in eq 9:

kl

2.303

Where, q. (mg g') and q, (mg g") are the amount of
Cd"™ adsorbed at point of equilibrium at time t
(min), respectively, and k; (min™) is the rate constant
of the pseudo-first-order reaction (Table 2).

Fig. 4a, indicates a linear relationship between the
log, qe q. verses t, but the correlation coefficient
(R*=0.9575) is relatively small compared to other
kinetic models. Besides, the equilibrium adsorption
capacity (q.) obtained through intercept is very
different with the corresponding experiment value
(178 mg g"). This difference shows that a pseudo-
firstorder model cannot be used to characterize the
Cd"™* adsorption kinetics in this system. The pseudo-
firstorder kinetic model suggests that surface
diffusion serves as the ratelimiting step for
adsorption.

log(q,—q,)=loggq, — o

3.4.2. Pseudo Second Order Kinetic Model
The pseudo second order kinetic model is the most
common model employed in attempts to describe
the adsorption processes that are dominated by
chemisorption  processes which involve the
adsorption of the substance through the valence
forces involving the sharing of electrons or the
exchange of electrons between the adsorbate and the
adsorbent. The linearized pseudo-second order
kinetic is represented in eq 10:
t 1 t
+

2
qt kzqe qe
Where, k, (g mg' min?) is the pseudo-second order
rate constant.
As shown in Fig. 4b, plot is highly linear with a high
regression coefficient (R* = 0.9957). The slope
determined the equilibrium adsorption capacity is

close to the experimental sorption capacity (178 mg
g"), which shows that this model fit the best (Table

(10)

2). The better fit of the pseudo-second-order model
indicates that the adsorption of the Cd™ onto the Sr-
Cu@g-C;N, is mainly determined by chemisorption
through valence forces or the exchange of electrons
between the Sr-Cu@g-C;N, surface and the Cd*™
(Abia & Asuquo, 2008).

3.4.3. Intra-Particle Diffusion.

Intra-particle diffusion model is commonly used to
assess the adsorption process to determine whether
or not the entire process is governed by surface
adsorption or whether diffusion of adsorbate species
in the inner-pores of the Sr-Cu@gC;N, also had a
considerable influence. The Weber-Morris model
states that when a graph of the amount adsorbed at
time t (q) versus the square root of time (t"?%)
generates a straight line with the origin, then intra-
particle diffusion is the only ratelimiting process.
However deviation from the origin indicates that
there may be more than one adsorption process at
the same time.

The linearized form of intra-particle diffusion model
is given in eq 11:

g, =k,t"? +C (1)

Where, kyn (mg g' min?) is the intraparticle

diffusion rate constant, C (mg g") the thickness of
the boundary layer, also referred to as the Weber-
Morris constant.

The intra-particle diffusion plot of Cd** adsorption is
given in Fig. 4c, which showed that the entire
process occurred in two stages in linear fashion,
meaning that there were more than one rate-limiting
step in the entire process of adsorption.

Stage 1 showed a sharp linear region with
comparatively high rate constant diffusion, meaning
that the uptake of Cd'? was fast. This step is
explained by the direct contact of Cd** with
sufficiently active sites on the external surface of Sr-
Cu@g-C;N,. The large value of ky,,; indicates a high-
driving force at the start since the concentration
gradient between the aqueous phase and sorbent
surface is high, leading to rapid surface adsorption
(Table 2). During stage 2 the slope of the plot was
significantly lower, and k., was also much lower.
This phase is the slow adsorption of Cd** into the
internal pore of Sr-Cu@g-C;N,. The larger value of
the intercept (C,) in this area indicates that the effect
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of the diffusion layers is more significant in this area.
It was assumed that the R,* was increased in this
stage, which leads to the assumption that it is a
better linear model, and thus, pore diffusion
becomes important in later adsorption stages.

No point in either of the linear regions went through
the origin, so intra-particle diffusion cannot be
discussed as the only ratelimiting step of Cd*
adsorption. Rather the total process of adsorption is
dominated by a sum of the surface adsorption
followed by slow intra-particle diffusion.

3.4.4. Pore Diffusion Model

The pore diffusion model studies the diffusion of
sorbate into the internal cavities of the adsorbent
material, which may serve as a rate-controlling step
for the kinetics of adsorption. Pore diffusion of Cd**
adsorption was estimated by the linearized Bangham
model, which is given in eq 12.

In this equation, g, (mg g"') is the amount of Cd"
that adsorbs with time (t), ks (mg g") is the Bangham
constant of adsorption capacity, oy (min™) is the pore
diffusion constant (Table).

A linear plot of Inq, versus Int, as presented in Fig.
4d, was found to be linear, with a correlation
coefficient R?=0.9748. The value of o obtained was
less than unity and this indicated that pore diffusion
contributes significantly to the Cd™ adsorption
process. But the fact that the plot has been deviated
is an indication that pore diffusion is not the only
limiting step. Rather, adsorption is a multi-step
reaction, with surface adsorption being the most
important at early phases, and diffusion of adsorbate
in the pores taking place later. This action reflects
good use of the internal pore structure of the Sr-

Cu@g-C;N,in Cd** removal.

q, =Ink,+a,Int (12)
Table.2 Different parameters obtained from kinetic modeling (linear form) for Cd*™ sorption onto Sr-Cu@g-
C;N,.
Kinetics Modeling Parameters (Units) Values
Pseudo-first-order k; (min™) 0.158934
R? 0.9325
Pseudo-second-order Quadmg g") 194.4
k; (g mg'min™) 0.001494
R? 0.996339
Intra-vertical diffusion Kigmi (mg ¢! min 31
R’ 0.9788
C; (mgg") 28
Kigmz (mg ¢! min 1.72
R, 0.983
C, (mg g") 165
Pore diffusion a (min™) 0.34590706
R? 0.9748
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Figure.5. Fitting of Kinetic Models (Linear form) (a) pseudo-first-order (b) pseudo-second-order (c) intra-particle
diffusion and (d) pore diffusion model for Cd** adsorption onto the synthesized Sr-Cu@g-C;N, composite.

3.5. Thermodynamic study

The thermodynamic parameters of the Cd™
adsorption onto the synthesized Sr-Cu@gC;N,
sorbent were measured in order to explain the
feasibility of the sorption process, the nature of the
mechanistic ~ process, and the temperature
dependency of the sorption process. Equilibrium
data at various temperatures were obtained to draw
AG®, AH® and AS°. The distribution coefficient (K.)
was calculated as the ratio of amount of Cd”
adsorbed to the amount left in solution and the AG®
of the reaction was then calculated by following eq

13:
AG° =—RTInK, (13)

Where, R represents the general gas constant (8.314
] mol' K'), T is expressed as the absolute
temperature in Kelvin, and K. is the distribution
coefficient, obtained by the by the following eq 14:

K =4
C

e

(14)

Where, C,4 is the surface concentration of the
sorbate on the Sr-Cu@gzC;N, and C, is the
equilibrium concentration of the sorbate in the
continuous aqueous phase. The AH® and AS® were

then determined by the Van’t Hoff relationship into
the standard linear form (15):

AS® AH®
R RT

The negative AG® values at all temperatures
investigated proved the spontaneous nature of Cd*
adsorption onto the Sr-Cu@gC;N,. The magnitude
of AG® was also found to be less in higher
temperatures which means that lower temperatures
preferred the adsorption process. The negative value
of AH® indicated an exothermic adsorption, which
was in line with the decrease in the adsorption
capacity with high temperatures, as shown in Fig. 6a.
In addition, the -AS® indicates that there was a
reduction in the randomness at the solid solution
interface when Cd" was adsorbed, which denoted
the ordered arrangement of the Cd** on the Sr-
Cu@g-C;N, surface (Table 3).

On the whole, thermodynamic data supports the
batch adsorption experiments and proves that the
Cd™ removal by the synthesized Sr-Cu@gC;N,
spontaneous, exothermic, and
thermodynamically viable process, with a higher
affinity at lower temperatures.

anc = (15)

sorbent is a
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Table. 3. Thermodynamic parameters for Cd"* adsorption onto the synthesized Sr-Cu@g-C;N, composite.

Model Parameters Values
Thermodynamics R’ 0.9989
AH® (k] mol™) —18.4
AG®° (k] mol™) —17.12
AS° (J mol" K - 38.2

3.6. Adsorption Mechanism

The Cd*™* adsorption process on the sorbent follows a
synergistic interaction between physical and chemical
interactions. First, the Cd" are transferred from
aqueous solution to the sorbent surface by the
electrostatic interaction and concentration mass
transfer. This is followed by intense interactions
between Cd™ and surface functional groups such as
hydroxyl (OH), carboxylic (COOH) and amine
(NH,) groups by ion exchange and surface
complexation. During the adsorption process, the
diffusion of Cd"* into the inner pores of the Sr-
Cu@g-C;N, occurs, and it is controlled by
intraparticle and pore diffusion. The nature of
pseudo-second-order kinetics implies that
chemisorption is the regulating process. In general,
the adsorption process follows a  surface
complexation process and a diffusion-controlled
transport process until an equilibrium is achieved.

1(a)
1.8+
2.0 4

s 22] R=09989
E

2.44
2.6 4

2.8 1
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=
o
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3.7. Regeneration Study

The reusability of the sorbent was tested in five
adsorption-desorption  cycles,  the
respective sorption efficiencies are represented in Fig.
6b. The sorbent exhibited high initial Cd™ removal
efficiency of about 92% in the first cycle, which is an
indication of a high affinity to Cd"*. Following cycles
showed that there was a progressive decline in
sorption efficiency, whereby, it reduced to about 89,
86, 82, and 78% in the second, third, fourth, and
fifth cycle respectively.lt is possible that the measured
decrease in the adsorption efficiency of the
consecutive regeneration cycles could be explained by
the incomplete desorption of the Cd™, partial
blockage or loss of the active sites, and slight
structural changes of the sorbent during repeated
use. However, the sorbent also showed high
structural stability and regeneration capacity after
five cycles to retain over 75% of its original
adsorption capacity. These findings verify the
economic and practical viability of the synthesized
sorbent to be reused in the removal of Cd™ in

consecutive

wastewater systems.

1(b)

1 2 3 4 5
Number of cycles

Figure. 6. (a) Effect of temperature for Cd** adsorption onto the synthesized Sr-Cu@g-C;N, composite. (b)
Regeneration result showing the efficiency of Sr-Cu@g-C;N, composite for Cd*? adsorption.
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4. Conclusion

Under optimum conditions, the Sr-Cu@gC;N,
composite was very efficient in removing Cd™ in
aqueous media. Optimum conditions were achieved
by wusing a sorbent dose of 30mg, initial
concentration of 100mg of Cd** and a contact time
of 30 min at a temperature of 298K. The material
exhibited a highest sorption capacity of about 178
mg g¢', which showed high metalsorbent
interactions. The Langmuir isotherm was best used
to describe adsorption equilibrium, which showed
that a monolayer of Cd” was covered. Kinetic
experiments showed a high level of consistency with
the pseudo-second-order model, which implies
chemisorption-controlled uptake. Diffusion
experiments showed that it is a multi-step process
with surface adsorption, intraparticle diffusion, and
pore diffusion. The nature of the process was proven
to be spontaneous and exothermic by
thermodynamic parameters. The sorbent had a high
adsorption efficiency even after several regeneration
cycles, which shows its stability. These results show
that Sr-Cu@g-C;N, has the potential to be a reused
and promising adsorbent in Cd” contaminated
wastewater.
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