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INTRODUCTION

Wastewater containing heavy metals (HM) 
poses a persistent environmental and public health 
challenge due to their toxicity, persistence, and 
bioaccumulative nature (Chen et al., 2022; Guo 
and Yang, 2016; Tan et al., 2015). Industrial efflu-
ents frequently contain Cu(II), Ni(II), and Cd(II), 
which, although some are essential micronutrients 
at trace levels, become toxic at elevated concentra-
tions (Das and Poater, 2021; Laus and De Favere, 
2011). These metals can enter aquatic food webs 
and drinking water sources, leading to bioaccumu-
lation, bioconcentration, and biomagnification in 
aquatic organisms and ultimately in humans (Ay-
ach et al., 2024; Bharti, 2024). Therefore, remov-
ing HM from wastewater to environmentally safe 
levels prior to discharge is critically required.

Various physicochemical technologies, in-
cluding reverse osmosis, electrolysis, ion ex-
change, chemical precipitation, and adsorption, 
have been applied to remove HM from contami-
nated water (Ayach et al., 2024; Ciobanu et al., 
2024). While membrane-based and electrochemi-
cal methods can achieve high removal efficien-
cies, their practical implementation is often limit-
ed by high operational costs, energy demand, and 
secondary waste generation. Among available 
approaches, adsorption has attracted sustained 
attention due to its operational simplicity, adapt-
ability over a wide concentration range, and com-
patibility with diverse sorbent materials (Jorge 
et al., 2024). The development of cost-effective 
and sustainable adsorbents remains a central chal-
lenge for improving the practical feasibility of ad-
sorption-based treatment systems. In this context, 
agricultural and industrial biomass wastes have 
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emerged as promising precursors for sorbent pro-
duction, aligning with circular economy strate-
gies and resource valorization principles (Ferraz 
and Pyka, 2023; Moustakas and Loizidou, 2024).

The utilization of biomass-derived materials 
for HM removal has been widely investigated 
(Liu et al., 2020; Sandoval-Flores et al., 2018; 
Wang et al., 2023; Wang et al., 2020). Adsorption 
performance strongly depends on both the physi-
cochemical characteristics of the precursor and 
the applied synthesis strategy (Karthikeyan et al., 
2007; Raji et al., 2023). The presence of surface 
functional groups, such as amino, carboxyl, hy-
droxyl, and amide moieties, plays a critical role in 
metal binding through electrostatic attraction, ion 
exchange, and surface complexation mechanisms 
(Kumar et al., 2024; Vieira and Volesky, 2010). 
Metal uptake by biomass-based sorbents is gen-
erally governed by a combination of processes, 
including ligand–metal complex formation, sur-
face precipitation, and ion exchange interactions 
(Abbas et al., 2018; Shamim, 2018; Wang et al., 
2024). Therefore, tailoring surface chemistry and 
pore structure is essential for enhancing adsorp-
tion efficiency and selectivity.

Lignocellulosic biomass represents an abun-
dant and renewable carbon source for adsorbent 
production. Waste streams from the pulp and 
paper industry, particularly those derived from 
acacia species, offer a consistent and underuti-
lized feedstock. Acacia biomass is characterized 
by high cellulose (45–50%) and hemicellulose 
(15–20%) contents with relatively low lignin 
(9–15%) (Amini et al., 2017), favoring carbon-
ization and pore development during activation. 
Previous studies have shown that activated car-
bon derived from acacia leaves can exhibit fi-
brous morphologies with nanoscale diameters 
(62–124 nm) (Apriwandi et al., 2020), facilitat-
ing ion transport within hierarchical pore net-
works (Keshavarz et al., 2022). Compared to 
silica-rich biomass such as rice husk, which 
often contains >20% ash, acacia biomass offers 
higher fixed carbon content and lower ash levels 
(4.5–5.6%), enhancing its suitability as a precur-
sor for activated carbon production (Alam et al., 
2020; Kra et al., 2019).

While the adsorption behavior of individual 
metal ions has been widely characterized, the 
extent to which selectivity patterns and govern-
ing mechanisms persist under competitive multi-
metal conditions remains insufficiently clarified. 
Consequently, it remains unresolved whether the 

selectivity order observed in isolated systems is 
preserved under competitive conditions or wheth-
er interfacial binding mechanisms are fundamen-
tally altered. In addition, kinetic and isotherm 
model selection is frequently based solely on the 
coefficient of determination (R²), which may lead 
to biased mechanistic interpretation, particular-
ly for nonlinear adsorption models (Pinto et al, 
2024; Danat et al., 2026). We hypothesize that (i) 
competitive adsorption induces a measurable shift 
in selectivity order compared to single-metal sys-
tems, and (ii) the dominant adsorption mechanism 
transitions from hydration-energy-controlled be-
havior to coordination-stability-driven interac-
tions under multimetal conditions. Furthermore, 
we hypothesize that model discrimination based 
on the corrected Akaike information criterion 
(AICc) provides more reliable mechanistic inter-
pretation than conventional R²-based evaluation. 
The objective of this study is to determine wheth-
er competitive interactions among Cu(II), Cd(II), 
and Ni(II) on acacia-derived fibrous carbon alter 
adsorption selectivity and governing mechanisms, 
using statistically rigorous AICc-based model se-
lection to establish a mechanistically grounded 
interpretation of multimetal adsorption behavior.

MATERIALS AND METHODS

Preparation of fibrous carbon

Acacia leaves were first dried at 150 °C in an 
oven for 4 h and subsequently ground and sieved 
through a 60-mesh sieve. The chemical activation 
was performed by immersing the ground leaves 
in 0.5 M KOH (Merck) at a 1:5 (g/mL) ratio, 
followed by stirring at 80 °C and 150 rpm for 
2 h. One-stage integrated pyrolysis, combining 
carbonization and physical activation, was con-
ducted under N2. Carbonization was performed 
by heating from ambient temperature to 500 °C at 
3 °C/min, and physical activation was carried out 
in a CO2 atmosphere at 800 °C for 2 h. The result-
ing carbon was thoroughly washed with distilled 
water until a neutral pH was achieved.

Characterization of fibrous carbon

The textural properties of the fibrous carbon 
were determined using multi-point BET analysis 
(Quantachrome SA analyzer, QuadraWin ©2000-
16) to obtain specific surface area (m²/g), total 
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pore volume (cm³/g), and pore size distribution 
(nm). Functional groups were analyzed by FTIR 
spectroscopy using a Shimadzu Prestige 21 spec-
trometer with KBr pellets in the range 4000–400 
1/cm. The surface morphology and fibrous struc-
ture were examined via FE-SEM (Thermo Scien-
tific Quattro S) at multiple magnifications.

HM solutions and measurements

Stock solutions of Ni(II), Cd(II), and Cu(II) 
were prepared by dissolving NiSO4·6H2O, 
CdSO4·8H2O, and CuSO4·5H2O (Merck) in 
distilled water to a concentration of 100 mg/L. 
For single-metal adsorption experiments, the 
metal ion concentrations ranged from 20 to 80 
mg/L. Binary systems were prepared as Cd(II)–
Ni(II), Cu(II)–Ni(II), and Cu(II)–Cd(II), while 
the ternary system contained Cu(II), Cd(II), 
and Ni(II). Solutions were diluted from stock to 
achieve the desired concentrations for adsorp-
tion experiments.

Adsorption experiments

Batch adsorption experiments for each metal 
(Cd(II), Ni (II), and Cu (II)) were carried out at 30 
mg/L and pH 5. The solution pH was controlled 
utilizing 0.1 M NaOH/HCl. This was followed by 
adding 0.4 g of acacia leaf fibrous carbon to 100 
mL of metal solution in a 250 mL Erlenmeyer flask. 
The Erlenmeyer flask was shaken at 120 rpm for 
150 minutes at ambient temperature. After filter-
ing the sample applying WhatmanTM filter paper 
with a 0.45 μm pore size (PS), the metal concentra-
tion was measured using ICP-OES Agilent 5100X. 
The experiments were conducted in triplicate. The 
adsorption isotherm experiment was conducted at 
seven concentrations from 20–80 mg/L. The kinet-
ic study was performed over 5–150 min, applying 
0.4 g of adsorbent and 100 ml of metal solution at 
pH 5 and a 30 mg/L initial concentration.

Adsorption kinetics

To identify the rate-controlling step and the in-
teraction, the kinetic data were fitted to nonlinear 
forms of the Lagergren PFO (pseudo-first order), 
PSO (pseudo-second order), and Elovich models. 
Additionally, the Weber Morris intra-particle dif-
fusion model was employed to evaluate diffusion 
resistances. The equations are as follows:
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where:	qe and qt (mg/g) – total ions at equilib-
rium and at a specific time (t in min), k1 
– Lagergren PFO rate constant (min-1), 
k2 – the PSO rate constant (g/mg.min), α 
(mg/g.min) – initial adsorption rate, β (g/
mg) – the surface heterogeneity constant, 
kid (mg/g.min0.5) – intra particle diffusion 
rate constant, C (mg/g) – a constant pro-
portional to the boundary layer thickness.

Single, binary, and ternary adsorption 
equilibrium isotherms

The Langmuir adsorption isotherm model can 
be employed to forecast single metal, and multi-
metal adsorption.
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where:	qm – maximum adsorption capacity 
(mg/g), KL – Langmuir constant (L/mg), 
KF – Freundlich constant showing the 
adsorption capacity (mg/g)(L/mg)1/n, n – 
Freundlich exponent related to adsorption 
intensity, R – universal gas constant (J/
mol.K), T – temperature (K), b – adsorp-
tion energy variation (J/mol), AT – equi-
librium binding constant (L/mg).

Data analysis

The percentage of metal removal (R%) was 
calculated using the following equation:
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where:	Co and Сe (mg/L) are the initial and equi-
librium concentrations of the metal ion in 
solution, respectively. 

The equilibrium adsorption capacity (qe, 
mg/g) of the adsorbent was determined from a 
mass balance of the batch system:
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where:	qe expresses the adsorbent’s equilibrium 
AC, Co and Сe show the first and equilib-
rium concentrations (mg/L), V indicates 
the solution volume (L), and m demon-
strates the adsorbent weight (g).

RESULTS AND DISCUSSION

Characterization of acacia leaf fibrous carbon

Brunauer-Emmett-Teller (BET)

The BET characterization results for acacia 
fibrous carbon are described in Table 1. SA is a 

vital factor in obtaining the adsorbent effective-
ness. Specifically, an adsorbent larger SA cor-
responds to greater AC. The SA obtained in this 
analysis is based on the BET test results was 
800.405 m²/g, with a 1.111 nm average PS and 
a 0.444 cm³/g total pore volume (PV). The ad-
sorption process exhibits a type I and IV adsorp-
tion isotherms combination (Figure 1), indicating 
that fibrous carbon has hierarchical pores consist-
ing of micro-pores (0.039 cm³/g) and mesopores 
(0.405 cm³/g). The combination of micropores 
and mesopores is very favorable for HM adsorp-
tion processes because micropores provide many 
binding sites, while mesopores ensure that metal 
ions can quickly diffuse into the adsorbent struc-
ture (Kim et al., 2020). This result exceeded that 
of the prior study (Darmayanti et al., 2023), in-
dicating that the addition of physical activation 
time could significantly increase both adsorbent’s 
total PV and SA.

FTIR analysis

FTIR analysis (Figure 2) is applied to pinpoint 
the functional groups and bonds in acacia fibrous 
carbon based on the wave numbers obtained. 

Table 1. Characterization of the acacia carbon nanofiber with the BET

SA PV Average PS Micro volume Meso volume

800.405 m2/g 0.444 cm3/g 1.111 nm 0.039 cm3/g 0.405 cm3/g

Figure 1. N2 physisorption isotherms of fibrous carbon from acacia leaf. 
The inset indicates NLDFT PS distribution



319

Ecological Engineering & Environmental Technology 2026, 27(4), 315–327

Biosorbents comprise complex inorganic and 
organic materials like lipids, carbohydrate poly-
mers, proteins, and sometimes metals (Sabzeh-
meidani et al., 2021; Pandey et al., 2024). Ad-
sorption processes like ion exchange and chemi-
sorption depend highly on the functional groups 
available in biosorbents (Raji et al., 2023). Gen-
erally, carbon and carbon-oxygen bonds attract 
and accelerate metal adsorption. From the FTIR 
analysis of acacia leaf fibrous carbons, there are 

several functional groups such as O–H stretch 
for carboxylic acids and N–H groups (between 
3700 and 2500 1/cm). The wave number range 
of 1550-1640 1/cm shows C=C bands and the 
asymmetric stretching of the –COO- group. 
Wave numbers of 1320 and 1000 1/cm show 
the O–H stretch for alcohols/carboxylic acids 
(Pavia, 2001). These functional groups adsorb 
HM because of their capacity to create complex 
compounds. Changes in the FTIR spectra occur 

Figure 2. FTIR spectra of acacia leaf fibrous carbons before and after HM adsorption

Figure 3. SEM photographs and EDS spectra of adsorbents
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following the Cu(II), Cd(II), and Ni(II) adsorp-
tion. All metals exhibit a higher stretching peak 
(about 3740 1/cm). This shift represents the OH 
groups interaction with metal ions, which alters 
the bonding environment and vibration frequen-
cy. The signal at 1218.93 1/cm associated with 
C-O and C=O groups decreased following ad-
sorption, indicating that functional groups with 
oxygen operate as active sites in binding metal 
ions. The decrease encourages surface complex-
ation and ion exchange, where metal ions form 
coordination bonds or exchange places with H⁺ 
attached to functional groups (Ye et al., 2022; Si-
mamora et al., 2024).

SEM analysis

The adsorbent’s chemical composition and 
morphology were analyzed using EDS and FE-
SEM. FESEM analysis (Figure 3) revealed a 
distinct fibrous morphology with fiber diameters 
from 58–118 nm. These results are in line with 
the architecture of acacia-based carbon standards 
(Apriwandi et al., 2020). This unique structural 
configuration provides a large mesopore network 

(0.405 cm3/g) that ensures the availability of 
abundant micropore binding sites. The carbon-
ization procedure and chemical activation at high 
temperatures facilitated the lignocellulosic com-
ponents etching, such as lignin, cellulose, and 
hemicellulose. These components have contribut-
ed to the nanostructure formation, which contains 
oxygen, silica, and carbon. EDS confirmed high 
purity with carbon (71.4%) and oxygen (20.1%) 
as the primary constituents.

Adsorption kinetics

Kinetics is needed to understand adsorption 
rates and identify rate-limiting steps. Sorption 
rate constants and reaction orders are crucial 
physicochemical parameters for evaluating the 
quality of an adsorbent. The kinetic models em-
ployed include PFO, PSO, Elovich, and intra-par-
ticle diffusion models. In the PFO model, physi-
sorption governs the adsorption process, whereas 
in the PSO model, chemisorption is considered 
the rate-limiting step. The Elovich kinetic model 
is particularly useful for representing adsorption 
on heterogeneous surfaces, where the adsorption 

Figure 4. Adsorption kinetics: (a) Cu(II), (b) Ni(II), (c) Cd(II)

Table 2. Kinetic model parameters of Cu(II), Ni(II), and Cd(II) adsorption

Parameters Cu(II) Ni(II) Cd(II)

PFO

R2

AICc
k1 (min-1)
qe (mg/g)

0.618
-2.636
0.298
9.554

0.622
-8.442
0.347
7.819

0.517
1.214
0.266
9.104

PSO

R2

AICc
k2 (mg/g.min)

qe (mg/g)

0.929
-14.467
0.060
10.025

0.942
-21.581
0.096
8.140

0.856
-7.243
0.049
9.654

Elovich

R2

AICc
a (mg/g.min)
b (g/mg)

0.981
-23.555
11119.66

1.422

0.972
-26.553

193897.46
2.151

0.986
-23.634
1006.71

1.211

Intra-particle diffusion 
(linear)

R2

Kid1
C1

0.999
0.588
6.509

0.984
0.409
5.758

0.995
0.453
6.275
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activation energy increases exponentially with 
surface coverage. Meanwhile, the intra-particle 
diffusion model accounts for the adsorbate mol-
ecules movement from the solution to the pores. 
Figure 4 shows the nonlinear fitting curves of the 
kinetic models used, while the kinetic parameters 
are tabulated in Table 2. 

To determine the most precise model for this 
process, we employed not only the coefficient of 
determination (R²), which is frequently biased to-
wards models with more parameters. Instead, we 
also used the AICc, which can balance the mod-
el fit and complexity by penalizing models that 
tend to overfit simply because they have more 
variables. Statistically, the model with the lowest 
AICc is considered superior because it minimizes 
the loss of information.

Furthermore, Table 4 describes the Elovich 
model consistently becomes the best model for the 
three metals. This is indicated by the lowest AICc 
value. The significant difference in AICc values 
between the Elovich and PSO models provides 
strong statistical justification for selecting the 
Elovich model. It shows the adsorption mechanism 
tends to be a chemisorption process on a heteroge-
neous surface (Peers, 1965). This is reinforced by 
the Elovich kinetic constant (β), which reflects a 
decrease in activation energy as the density of ad-
sorbate on the surface increases. This also confirms 

the existence of binding sites with varying energy 
levels on acacia leaf fibrous carbon.

The rate-limiting processes are further inves-
tigated using intraparticle diffusion studies. The 
intra-particle diffusion stage has three distinct 
linear segments (Figure 5). External film diffu-
sion is the first step, where metal ions rapidly dif-
fuse from the solution to the outer surface (film 
diffusion). This is characterized by a steep seg-
ment. The decrease in the rate constant value at 
this stage indicates that diffusion into the pore 
structure is a significant rate-limiting factor. The 
third stage, which is nearly horizontal in length, 
shows that adsorption slows considerably after 
equilibrium is reached, as the active sites within 
the pores become saturated. Figure 7 shows a 
non-zero intercept (C > 0), indicating the pres-
ence of boundary layer resistance in mass transfer 
in addition to intraparticle diffusion. The pres-
ence of these several stages reveals that mass dif-
fusion and surface chemical interactions govern 
the adsorption process overall rate (Xiong et al., 
2018). The analysis focuses on the importance of 
microporous and mesoporous structures, as re-
vealed by BET analysis, in enhancing adsorption. 
Micropores provide abundant binding sites, while 
mesopores enable efficient diffusion of metal ions 
into the adsorbent.

Figure 5. Linear regression applying the intra-particle diffusion model of (a) Cu(II), (b) Ni(II), (c) Cd(II)

Figure 6. Adsorption isotherm models of (a) Cu(II), (b) Ni(II), (c) Cd(II)
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Table 4. Langmuir isotherm parameters of Cd(II), Ni(II), as well as Cu(II) adsorption on acacia leaf fibrous carbon 
in the two-metal system

Cd(II) – Cu(II) Cu(II) – Ni(II) Cd(II) – Ni(II)
For Cd(II)

qm-Cd = 6.12 (mg/g)
KL - Cd = 0.621 (L/g)

R2 = 0.938
For Cu(II)

qm-Cu = 21.46 (mg/g)
KL - Cu = 1.189 (L/g)

R2 = 0.968

For Cu(II)
qm-Cu = 18.06 (mg/g)
KL - Cu = 1.135 (L/g)

R2 = 0.997
For Ni(II)

qm-Ni   = 16.87 (mg/g)
KL - Ni = 0.032 (L/g)

R2 = 0.921

For Cd(II)
qm-Cd = 10.93 (mg/g)
KL - Cd = 0.123 (L/g)

R2 = 0.994
For Ni(II)

qm-Ni = 5.66 (mg/g)
KL - Ni = 0.078 (L/g)

R2 = 0.973

Table 3. Adsorption isotherm parameters of Cu(II), Ni(II), Cd(II) adsorption on acacia leaf fibrous carbon in a 
single metal system

Parameters Cu(II) Ni(II) Cd(II)

Langmuir

R2

AICc
qm (mg/g)

KL (L/g)
RL

0.948
12.457
29.53
2.816

0.004–0.018

0.919
-7.213
23.83
0.076

0.127–0.363

0.956
9.856
34.83
0.222

0.050–0.183

Freundlich

R2

AICc
KF (mg/g)(L/mg)1/n

n

0.904
17.732
19.89
2.739

0.974
0.673
3.33
2.100

0.947
11.057
7.28
1.830

Temkin

R2

AICc
AT (L/mg)
b (J/mol)

0.985
32.963
22.32
6.567

0.920
8.434
0.883
4.967

0.965
8.719
1.889
8.182

Adsorption isotherms and favorability

Single metal adsorption

Isotherm analysis is useful for studying the 
adsorbate and adsorbent interaction under equi-
librium conditions. The experimental data were 
observed applying the Langmuir, Freundlich, and 
Temkin isotherm models, with model selection 
based on the AICc for statistical rigor described 
in Figure 6 and Table 3.

The Langmuir model (lowest AICc) explained 
the uptake of Cu(II) and Ni(II), while the Temkin 
model provided the best fit for Cd(II) data, consis-
tent with surface heterogeneity. The strong fit with 
the Temkin model indicates that the adsorption 
involves adsorption heat that decreases logarith-
mically with increasing surface coverage. These 
results are physically consistent with the hetero-
geneity of the acacia leaf fibrous carbon surface 
and are in line with the Elovich kinetic model. 
RL values (0.004–0.363) confirm the process is 
highly favorable at 298K (Wen and Hu, 2021).  

Single-metal capacities followed the order Cd(II) 
(34.83 mg/g) > Cu(II) (29.53 mg/g) > Ni(II) (23.83 
mg/g), controlled by the lower hydration free en-
ergy of Cd(II). In aqueous solutions, metal ions are 
surrounded by water molecules through a process 
called hydration. These ions must release some or 
all of the water molecules surrounding them (de-
hydration) in order to interact with the active sites. 
The dehydration process requires energy. Ions with 
higher hydration energy require more energy to un-
dergo dehydration. Cu(II) and Ni(II) exhibit high 
hydration energies of -2100 and -2105 kJ/mol, re-
spectively. In contrast, Cd(II) contains a lower hy-
dration energy of -1807 kJ/mol, which facilitates 
its dehydration process. This can cause Cd(II) to 
more easily reach and occupy active sites, thereby 
resulting in the highest capacity in a non-competi-
tive system (Liu et al., 2020).

Competitive adsorption 

The Langmuir model selection for Cu(II) and 
Ni(II) metals in a single metal system, based on 
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Table 5. Langmuir extended isotherm parameters of Cu(II), Cd(II), as well as Ni(II) adsorption on acacia leaf 
fibrous carbon in the three-metal system

Cu(II) – Cd(II) – Ni(II)
qm-Cu = 20.48 (mg/g)
KL-Cu = 3.684 (L/g)

R2 = 0.941

qm-Ni = 6.15 (mg/g)
KL-Ni = 0.188 (L/mg)

R2 = 0.979

qm-Cd = 16.02 (mg/g)
KL-Cd = 0.050 (L/mg)

R2 = 0.977

strict statistical parameters (AICc), supports the 
extended Langmuir model application (Equation 
9) for competitive modeling. The extended Lang-
muir model is a simplified version of the IAST 
(Ideal Adsorbed Solution Theory). The results 
obtained (Tables 4 and 5) indicate a consistently 
strong antagonistic interaction for both binary 
and ternary systems. The maximum equilibrium 
adsorption capacity (qm) of each metal decreases 
significantly in the competing metals. The drastic 
decrease in the maximum equilibrium capacity of 
Cd(II) by 82.43% from a single system to a Cu–
Cd binary system confirms the strong competition 
between the metals for limited binding sites. Ad-
sorption in multimetal systems produces strong 
antagonistic interactions, where the predicted qm 
values for all multimetal systems are smaller than 
for single systems.

Mechanism for competitive HM adsorption

The intrinsic structure of fibrous carbon and 
specific electronic interactions significantly influ-
ence the HM adsorption mechanism. The large SA 
(800,405 m²), hierarchical micro- and mesoporous 
structure, and the Elovich kinetic model, which is 
highly suitable for all three metals, indicate that the 
process occurring is chemisorption on a heteroge-
neous surface. Furthermore, the multi-segment 
Weber-Morris plot confirms that the rate-limiting 
steps for mass transfer are external film and intra-
particle diffusion (Jie et al., 2017). The findings 
are also in line with the double pores that facilitate 
rapid access to active binding sites.

The maximum adsorption capacity shows 
the order Cd(II) > Cu(II) > Ni(II), with values of 
34.83, 29.53, and 23.83 mg/g, respectively. The 
adsorption is more controlled by the hydration 
free energy. Cd(II), which has the lowest hydra-
tion energy (-1807 kJ/mol), undergoes dehydra-
tion more easily and can reach the active site 
faster than Cu(II) and Ni(II), which have higher 
hydration energies (-2100 and -2105 kJ/mol, re-
spectively). Conversely, in a multimetal system, 
there is intense competition for active sites, so the 

control mechanism shifts to the formation of sta-
ble surface complexes. Under these conditions, 
Cu(II) shows absolute dominance with a selectiv-
ity order of Cu(II) > Cd(II) > Ni(II).

Cu(II)’s competitive advantage stems from its 
unique d9 electronic configuration in an octahe-
dral geometry. Based on the Jahn-Teller theorem, 
a non-linear system with an electronically degen-
erate ground state will be unstable and undergo 
spontaneous distortion to reduce its symmetry and 
energy (Halcrow, 2013). In the [Cu(H₂O)₆]²⁺ com-
plex, this distortion manifests as axial elongation, 
where the water molecule ligands on the z-axis 
move away from the metal center. Energetically, 
this elongation drastically reduces the overlap be-
tween the metal d orbitals and the axial ligands, 
causing in a significant decrease in energy in or-
bitals with z components, especially the dz

2 or-
bital. This creates greater net energy stabilization 
for Cu(II) through ligand field stabilization energy 
(LFSE) when coordinating with oxygen func-
tional groups (OH, COO), which are abundant on 
the ALFC surface (Fouad et al., 2021). In addition 
to its thermodynamic advantages, the Jahn-Teller 
distortion confers Cu(II) with exceptional kinetic 
lability (Charoensuk et al., 2021). The elongated, 
significantly weakened axial bonds lower the acti-
vation energy barrier for the ligand-exchange pro-
cess. This allows Cu(II) to release part of its hy-
dration shell and replace it with ligands on the ad-
sorbent surface much faster than Ni(II) (d8) (Liu et 
al., 2011). Although Ni(II) has a hydration radius 
nearly identical to Cu(II) (4.04 Å vs. 4.19 Å), the 
absence of Jahn-Teller distortion in Ni(II) makes 
its octahedral coordination more rigid or kineti-
cally “inert.” As a result, Ni(II) is less competitive 
in reaching and locking onto active sites than the 
more flexible Cu(II) (Neubrand et al., 2002). 

The strong coordination bonds between the 
metal center and oxygenated ligands are marked 
by a shift in the C-O/C=O strain from 1218.93 1/
cm. This shift indicates the presence of surface 
functional groups. Although Ni(II) possesses a 
smaller effective hydration radius (4.04 Å) than 
Cu(II) (4.19 Å), its inability to become unstable 
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due to the Jahn-Teller effect prevents it from com-
peting with Cu(II) in binding specific sites. Simi-
larly, Cd(II) has a larger hydration radius (4.26 Å), 
which provides it with additional steric hindrance 
when competing with Cu(II) for accessing the mi-
croporous network of acacia leaf fibrous carbons.

Quantitative validation of Cu(II) adsorption 
on acacia leaf fiber carbon adsorbents can be per-
formed using Density Functional Theory (DFT) 
calculations. A DFT study modeling the divalent 
metal ions interaction with oxygen-containing 
functional groups, which are considered to rep-
resent the dominant hydroxyl and carboxyl active 
groups found in biosorbents, produced the fol-
lowing absolute bond energy (E_ads) sequence: 
|E_ads(Cu)| > |E_ads(Ni)| > |E_ads(Cd)| (Ezzat et 
al., 2020). These results confirm that Cu(II) forms 
the most thermodynamically favorable bond, fol-
lowed by Ni(II) and Cd(II) (Boulaiche, 2019). By 
linking macroscopic competitive behavior with 
this fundamental electronic structure, acacia leaf 
fibrous carbon has been proven to be efficient for 
selectively removing HM.

Comparison with other adsorbents

A adsorption capacities comparison of Cu(II), 
Ni(II), and Cd(II) on acacia leaf fibrous carbons 

with those of other adsorbents is presented in Ta-
ble 6. The acacia leaf fibrous carbons’ adsorption 
capacity is superior to that of other adsorbents. 
These superior adsorption capacities are attribut-
ed to the large SA (800.405 m²/g), the presence of 
both micropores and mesopores, and a high oxy-
gen functional groups concentration. 

CONCLUSIONS 

Kinetic analysis indicated that chemisorption 
on a heterogeneous surface governs the process, as 
described by the Elovich model selected based on 
AICc. In single-metal systems, adsorption selec-
tivity followed the order Cd(II) > Cu(II) > Ni(II), 
primarily influenced by hydration free energy. In 
competitive multimetal systems, selectivity shifted 
to Cu(II) > Cd(II) > Ni(II), reflecting the dominant 
role of electronic coordination stability. The ob-
served trend can be rationalized by ligand field sta-
bilization and Jahn-Teller effects affecting Cu(II) 
kinetics. These findings provide a mechanistic 
basis for designing selective biomass-derived car-
bon adsorbents. The use of inexpensive, sustain-
able precursors aligns with circular economy prin-
ciples. This study did not assess the spectroscopic 
validation of inner-sphere complexation (e.g., via 

Table 6. Maximum adsorption capacity of Cu(II), Ni(II), and Cd(II) on acacia leaf fibrous carbons with other 
adsorbents

Adsorbent HM Max sorption 
capacities (mg/g) pH Initial concentration 

(mg/L) Reference

ALFC
Carbon nanotube
Cattle manure biochar
Sepiolite
Brewer’s spent grain 
(BSG)
Norway Spruce biomass
Pachira aquatica Aubl. fruit 
peel biochar

Cd(II)

34.83
11.51
31.3
22

24.72

6.3

30.44

5
5.6
5.2
5

4.5

5-6

7.6

20-80
10-300

0.05-160
10-100
10-250

10-100

10-100

This study
Akl and Elanwar, 2015

Wang et al., 2020
Padilla-Ortega et al., 2011

Dancker et al., 2025

Al-Labadi et al., 2025

Nascimento et al., 2024
ALFC
Cattle manure biochar
Sepiolite
Norway Spruce biomass
Spent mushroom substrate 
Coprinus comatus

Cu(II)

29.53
14.7
13.8

7.9 mg/g
19.09 mg/g

5
5.2
5

5-6
6

20-80
0.05-160
10-100
10-100
10-50

This study
Wang et al., 2020

Padilla-Ortega et al., 2011
Al-Labadi et al., 2025

Yenie et al., 2025

ALFC
Multiwalled carbon 
nanotubes
Pachira aquatica Aubl. fruit 
peel biochar
Cattle manure biochar
Gamma-sterilized biowaste

Ni(II)

23.86
6.09

5.65

11.1
23.88

5
7

7.6

5.2
5

20-80
5-100

10-100

0.05-160
25-500

This study
Abdel-Ghani et al., 2015

Nascimento et al., 2024

Wang et al., 2020
Bambal et al., 2024
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XPS), the durability and regeneration of the adsor-
bent through multi-cycle testing, performance in 
real industrial wastewater, or the techno-economic 
feasibility of KOH activation at scale, representing 
gaps that remain to be addressed for a comprehen-
sive understanding.
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