
Isotherm Modeling and Statistical Physics Interpretation of Dye and
Pesticide Adsorption on Activated Carbons for Environmental
Remediation
Elham A. Alzahrani, Fatma Dhaouadi,* Lotfi Sellaoui,* Mohamed Bouzidi, Adrián Bonilla-Petriciolet,
Nuha Othman S Alsaif, Nawal S. Alshammari, Odeh A. O. Alshammari, and Alessandro Erto

Cite This: https://doi.org/10.1021/acsomega.5c07212 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: A multilayer adsorption model was used to explain the adsorption mechanism of
two toxic organic pollutants, methylene blue (MB) and 2,4-dichlorophenoxyacetic acid (2,4-
D), on a commercial activated carbon (CPAC) and olive stone activated carbon prepared with
ZnCl2 (ZnCl2/OSAC). Statistical physics-based modeling showed that the adsorption of both
pollutants on tested activated carbons was multimolecular where 2−4 layers can be formed on
the adsorbent surface. The calculated saturation adsorption capacities of ZnCl2/OSAC and
CPAC for MB were 481−574 and 873−932 mg/g at 30−50 °C, respectively, while the
saturation 2,4-D adsorption capacities were 392−607 and 526−675 mg/g for the same
adsorbents. Endothermic adsorption was observed for MB, while 2,4-D removal was
exothermic. It was found that the MB and 2,4-D removal implied an inclined adsorption
geometry, where physical interaction forces contributed to separating these pollutants. Overall,
this research provides new findings to explain the adsorption mechanism of these relevant water
pollutants on carbonaceous-based materials.

1. INTRODUCTION
The presence of emerging contaminants such as dyes, pesticides,
and pharmaceuticals1−5 in water at trace concentrations is a
major problem for human health, and this pollution scenario has
generated new technological challenges to satisfy the regulations
for environmental protection.6−8 For instance, current statistics
indicate that the herbicides market reached 1.4 million metric
tons in the last years.9 The high consumption of these
compounds facilitates their discharge into the environment
polluting the water resources.10,11 Similarly, the dyes are widely
used in various industrial sectors (e.g., paper food, pharmaceut-
icals, and cosmetics)12−15 generating a relevant problem to
depollute their effluents because dye molecules are toxic
compounds to the human organism and ecosystems.16,17 Several
studies have focused on mitigating the pollution caused by these
compounds with the aim of improving water quality and
protecting public health.18−21

The selection of the best adsorbent to depollute industrial
effluents is a key parameter to handle the environmental impacts
caused by the current consumption of dyes and pesticides. A
detailed review of the literature indicates that activated carbon is
the best commercial multifunctional material for water treat-
ment that contains pesticides, pharmaceuticals, dyes, and heavy
metals.22−32 In this context, methylene blue (MB) is a widely
used cationic dye and 2,4-dichlorophenoxyacetic acid (2,4-D) is
a common herbicide. These compounds are frequently found in
water resources and represent two major classes of emerging

organic contaminants to understand the performance and
adsorption properties of activated carbon for water depollu-
tion.33−37 Based on these facts, they were selected in this study
as model pollutants to analyze their adsorption on an activated
carbon surface. Specifically, the present study has focused on the
analysis of 2,4-D and MB adsorption on samples of commercial
powdered activated carbon (CPAC) and activated carbon
prepared from olive stones with ZnCl2 activation (ZnCl2/
OSAC). For these adsorption systems, Ozcan et al.38 applied
traditional models to elucidate their removal mechanisms via the
analysis of experimental data. However, the theoretical approach
used by these authors provided a simple explanation of the
adsorption mechanisms for both pollutants, which did not allow
us to understand both steric and energetic parameters associated
with the separation of these important contaminants.
The present study reports an improved statistical physical

model to interpret the adsorption data of 2,4-D and MB using
CPAC and ZnCl2/OSAC with the objective of analyzing and
understanding their adsorption properties and performance. A

Received: July 22, 2025
Revised: October 14, 2025
Accepted: October 17, 2025

Articlehttp://pubs.acs.org/journal/acsodf

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acsomega.5c07212

ACS Omega XXXX, XXX, XXX−XXX

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

18
7.

23
2.

15
6.

21
0 

on
 O

ct
ob

er
 2

6,
 2

02
5 

at
 0

0:
47

:3
2 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elham+A.+Alzahrani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fatma+Dhaouadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lotfi+Sellaoui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+Bouzidi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adria%CC%81n+Bonilla-Petriciolet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nuha+Othman+S+Alsaif"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nuha+Othman+S+Alsaif"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nawal+S.+Alshammari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Odeh+A.+O.+Alshammari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+Erto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.5c07212&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c07212?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c07212?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c07212?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c07212?fig=abs1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.5c07212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


multilayer model with saturation was applied to rationalize the
adsorption mechanism of these systems. Consequently, the aim
of this paper is to provide an improved vision at the molecular
level of the separation of MB and 2,4-D from aqueous solutions
using activated carbon surfaces.

2. MB AND 2,4-D ADSORPTION DATA
Figure 1 presents the experimental data for the adsorption ofMB
and 2,4-D pollutants on CPAC and ZnCl2/OSAC. Adsorption

isotherms for these systems were reported by Ozcan et al.38

Specifically, these authors quantified the adsorption equilibria of
both pollutants on tested activated carbons using batch
adsorbers operated at 30−50 °C, adsorbent dosage of 0.1 g,
contact time of 18 h, and pH 10 for MB and pH 2 for 2,4-D,
respectively. Note that both adsorbents showed different
textural parameters and surface chemistry as reported in ref
38. These experimental data were used in the present work to
perform a theoretical analysis via statistical physics calculations
to characterize their adsorption mechanisms.
Experimentally, it was observed that the equilibrium

adsorption profiles of MB and 2,4-D pollutants increased with
equilibrium concentration in the aqueous solution at tested
temperatures until the surface saturation was achieved for both
ZnCl2/OSAC and CPAC. This expected plateau indicated that
the active sites on the activated carbon surface were fully
occupied. The adsorption of these pollutant molecules on the
activated carbon surfaces can imply the formation of multiple
layers due to their chemical structures. However, the increase in
aqueous solution temperature caused a different impact on the
adsorption of tested pollutants on ZnCl2/OSAC and CPAC.
Specifically, MB removal was endothermic where the adsorption
capacities were better at higher temperatures, whereas 2,4-D
adsorption was exothermic showing a reduction of its removal as
the solution temperature increased, see Figure 1. A statistical
physics multilayer model (SMPM) was implemented to

elucidate the mechanisms for the adsorption of these organic
pollutants on the tested activated carbons. Previous studies39−41

have demonstrated that SMPM outperformed conventional
adsorption models, such as the Langmuir and Freundlich
equations, to estimate separation steric parameters for the
removal of organic molecules. Herein, it is also convenient to
indicate that previous studies based on computational chemistry
calculations have shown that molecular aggregation can be
expected in aqueous solutions of organic molecules, thus
favoring the formation of multilayers on adsorbent surface.42

Therefore, the characteristics of this multilayer model allow a
better understanding of the removal processes of organic
adsorbates, providing key parameters for the rationalization of
the adsorption mechanisms.
This statistical physics model was formulated based on

statistical physics theory, in particular, the grand canonical
ensemble considering that the adsorption of pollutant molecules
on ZnCl2/OSAC and CPAC surfaces occurs via the formation of
a variable number of adsorbate layers where two interaction
energies are present. The first energy parameter (-ε1) describes
the interactions between the adsorbed pollutant molecules and
the activated carbon surface (i.e., pollutant−activated carbon
interactions). This parameter governs the initial separation stage
of the pollutant and controls the stability of the primary
adsorption layer. The second energy parameter (-ε2) is
associated with the interactions involved in the molecular
aggregates that are responsible for the formation of subsequent
adsorbate layers (i.e., molecule−molecule interactions). The
balance between (-ε1) and (-ε2) therefore determines the extent
of multilayer adsorption and the overall configuration of the
adsorbed phase. Consequently, the total number of layers
formed is expressed as 1 + N2 where N2 is the number of layers
formed via the second energy interaction (i.e., molecular
aggregates). If 1 + N2 ≈ 1, the adsorption process approaches
a monolayer process, whereas 1 +N2≈ 2 indicates the formation
of a double layer structure.
The mathematical expression of SMPM for analyzing the

pollutant adsorption on activated carbons is presented by the
following equation:39,43

This model can be used to calculate key parameters to
characterize the adsorptionmechanism: the number of pollutant
molecules adsorbed per active site on the activated carbon
surface (npm), the density of these active sites (Daas), and two
half-saturation concentrations (C1 andC2) that are related to the
formation of first and consecutive N2 layers, respectively.
Equation 1 was used to fit all of the experimental isotherms of

both pollutants and activated carbons. The results of this model
were used to characterize the multilayer nature of tested systems
and to determine their steric parameters (npm, Daas, saturation
adsorption capacities) and interaction energies. The exper-
imental data were fitted by using the Levenberg−Marquardt
algorithm via a multivariate nonlinear regression. The statistical
analysis of model performance was based on the determination
coefficient (R2) besides the identifying of a proper trend in the
calculated model parameters versus the adsorption temperature.

Figure 1. Experimental isotherms reported in ref 38 for the adsorption
of MB, and 2,4-D pollutants on ZnCl2/OSAC and CPAC activated
carbons.
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Calculated R2 values and trends of the steric and energetic
parameters indicated that SMPM was the best option for
examining MB and 2,4-D adsorption mechanisms at the
microscopic scale. This conclusion agreed with previous studies
using the same pollutants. For instance, Sboui et al.40 and
Aouaini et al.44 demonstrated that the adsorption ofMB and 2,4-
D can involve the formation of a limited number of layers on the
surfaces of britholites and a modified biomass. The summary of
SMPMparameters forMB and 2,4-D activated carbon systems is
reported in Tables 1 and 2, while Figure 2 illustrates the results

of SMPMfitting to their experimental isotherms. It is convenient
to remark that the other two advanced models were applied in
the analysis of adsorption data, i.e.: monolayer model with one
energy and double layer model with two energies. The
application of these models on tested adsorption data failed
because the calculated values for some model parameters were
inconsistent with respect to the experiments, besides the impact
of temperature on model parameters did not show proper
trends.

3. RESULTS ANDDISCUSSION
3.1. Analysis of the npm, Daas and N2 Parameters.

Initially, the adsorptionmechanisms ofMB and 2,4-Dmolecules
were theoretically characterized via the analysis of parameter
npm, which is defined as a stoichiometric coefficient. This
parameter can be used to estimate the degree of molecular
aggregation during the adsorption process. Calculated values of
this parameter are 1.186, 1.220, and 1.574 for the MB-ZnCl2/
OSAC system at 30, 40, and 50 °C, respectively, and 1.249,
1.200, and 1.025 for the MB-CPAC system at the same
temperature conditions. For 2,4-D adsorption, the calculated
values of npm were 0.985, 1.293, and 2.453 using ZnCl2/OSAC at
30, 40, and 50 °C, respectively, and 1.042, 1.397, and 1.664 for
CPAC at the same operating conditions. Calculated npm values
for these adsorption systems ranged from 1 to 2 indicating that
the molecular aggregation of both pollutants was feasible, where
dimers and trimers could be formed. On the other hand, npm > 1

Table 1. Calculated SMPM Parameters for MB and 2,4-D Adsorption on CPAC and ZnCl2/OSAC Activated Carbons

T
(°C)

Determination
coefficient, R2

Number of molecules
adsorbed per active site,

npm

Density of the
active sites, Daas

(mg/g)

Number of
formed layers,
(1+ N2)

Concentration at half
saturation C1(mg/L)

Concentration at half
saturation C2(mg/L)

Adsorption capacity
at saturation, Qs

(mg/g)

MB-ZnCl2/OSAC
30 0.995 1.186 101.992 3.975 1.422 43.220 480.825
40 0.990 1.220 109.387 3.867 1.684 38.420 516.059
50 0.986 1.574 127.286 2.865 8.537 37.266 573.997

MB-CPAC
30 0.990 1.249 264.270 2.644 2.125 155.397 872.713
40 0.962 1.200 335.807 2.210 0.365 62.416 890.560
50 0.978 1.025 427.957 2.125 0.655 56.726 932.128

2,4-D- ZnCl2/OSAC
30 0.998 0.985 179.375 3.436 35.270 276.492 607.087
40 0.996 1.293 105.803 3.125 35.060 185.525 426.826
50 0.999 2.453 55.946 2.857 37.451 228.485 392.081

2,4-D-CPAC
30 0.999 1.042 166.593 3.886 4.807 82.431 674.570
40 0.999 1.397 171.656 2.804 13.464 171.377 671.449
50 0.999 1.664 146.961 2.150 19.059 196.888 525.767

Table 2. Calculated Interaction Energies for the Adsorption
of MB and 2,4-D on ZnCl2/OSAC and CPAC Activated
Carbons

T (°C) (-ε1)(kJ/mol) (-ε2)(kJ/mol)
MB- ZnCl2/OSAC

30 25.713 17.144
40 26.196 18.064
50 22.654 18.702

MB-CPAC
30 24.705 13.932
40 30.171 16.803
50 29.532 17.576

2,4-D- ZnCl2/OSAC
30 7.062 1.893
40 7.331 2.999
50 7.379 2.533

2,4-D-CPAC
30 12.068 4.931
40 9.820 3.205
50 9.190 2.932

Figure 2.Modeling results using SMPM for the adsorption of MB and
2,4-D molecules on CPAC and ZnCl2/OSAC activated carbons.
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indicated that these adsorbates can be removed mainly via an
inclined (nonparallel) orientation39,41,45 of MB and 2,4-D
molecules on the investigated activated carbon surfaces. Figure 3

shows the relationship between the aqueous solution temper-
ature and the steric parameter. The increase of the aqueous
solution temperature led to higher calculated npm values for the
adsorption of both dye and pesticide molecules on ZnCl2/
OSAC. In contrast, the change of the adsorption temperature
decreased the calculated npm values for MB adsorption on
CPAC, but it increased the npm values for the adsorption of 2,4-D
molecules. These trends are related to the impact of adsorption
temperature on the mass transfer of both pollutants and the role
of both adsorbate molecular dimension and textural parameters
of activated carbons. Particularly, the microporosity of both
adsorbents played a more relevant role during the adsorption of
2,4-D because this pollutant showed a molecular dimension
lower than that of MB.
The modeling results indicated that the impact of aqueous

solution temperature on parameter Daas has also an opposite
trend for both pollutants depending on activated carbon used in
the removal process, see Figure 4. The opposite trends in Daas

arise from differences in surface chemistry and porosity between
CPAC and ZnCl2/OSAC, which determine whether the change
in separation temperature promotes molecular packing or
destabilizes adsorption sites. Also, inverse trends were observed
between npm and Daas. For instance, the npm parameter increased
when the adsorption temperature increased for MB adsorption
on ZnCl2/OSAC, while the corresponding adsorption site
density decreased.

SMPM contains a parameter that can be used to estimate the
total number of formed layers (1+N2) during the adsorption of
MB and 2,4-D pollutants. The calculated values of the N2
parameter are summarized in Table 1. For the adsorption of
MB on ZnCl2/OSAC and CPAC, the values of 1+N2 are 3.975,
3.867, and 2.865, and 2.644, 2.210, and 2.125 at 30, 40, and 50
°C, respectively. The analysis of these values indicated that MB
was removed via the formation of 2−4 layers on both ZnCl2/
OSAC and CPAC surfaces, respectively. Similarly, 2,4-D was
adsorbed, forming 2−4 layers on adsorbent surfaces at different
temperatures. This difference in the total number of formed
layers is probably related to the chemical structures of these
compounds (mainly their molecular sizes) and their adsorbent
textural properties. The influence of adsorption temperature on
the total number of formed layers is described in Figure 5. It was
concluded that this operating parameter plays a minor role in
layer formation for the removal of both MB and 2,4-D.

3.2. Adsorbent Performance at Saturation Conditions.
MB and 2,4-D adsorption capacities at saturation were
determined using the relationship: npm × Daas × (1+N2). The
model calculations indicated that Qs (MB-CPAC) > Qs (MB-
ZnCl2/OSAC) and Qs (2,4-D −CPAC) > Qs (2,4-D - ZnCl2/
OSAC) confirming that CPAC was the best adsorbent for the
removal of both water pollutants. The performance of CPAC is
mainly related to both its textural parameters and its surface
chemistry. An analysis of the temperature impact on the
saturation adsorption capacities for both MB and 2,4-D
pollutants is illustrated in Figure 6. For MB, the separation
performance of both activated carbons increased with the
increment of the aqueous solution temperature. The improved
separation performance for MB at higher temperatures can be

Figure 3. Impact of adsorption temperature on calculated npm
parameter for MB and 2,4-D adsorption on CPAC and ZnCl2/OSAC
activated carbons.

Figure 4. Impact of adsorption temperature on calculated Daas
parameter for MB and 2,4-D adsorption on CPAC and ZnCl2/OSAC
activated carbons.

Figure 5. Impact of adsorption temperature on calculated (1+N2)
parameter for MB and 2,4-D adsorption on CPAC and ZnCl2/OSAC
activated carbons.

Figure 6. Impact of adsorption temperature on calculated saturation
adsorption capacities for MB and 2,4-D adsorption on CPAC and
ZnCl2/OSAC activated carbons.
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attributed to the endothermic adsorption process, where
enhanced molecular mobility and aggregation favor multilayer
formation on the external adsorbent surface. These results
confirmed that temperature is a relevant factor in MB removal
and that it is convenient to operate at high temperatures to
guarantee a better adsorption of this textile pollutant. In
contrast, the saturation 2,4-D adsorption capacity decreased
with increasing temperature, indicating that the removal of 2,4-
D was exothermic and more effective at low temperatures.
3.3. Interaction Energies forMB and 2,4-D Adsorption.

The adsorption energies associated with the removal of MB and
2,4-D molecules by ZnCl2/OSAC and CPAC were determined
using the following expressions:39,43

= RT
C
C

( ) ln s
1

1

i
k
jjjjj

y
{
zzzzz (2)

= RT
C
C

( ) ln s
2

2

i
k
jjjjj

y
{
zzzzz (3)

where R = 8.314 J mol−1 K− 1 is the ideal gas constant, and Cs is
the water solubility of MB and 2,4-D. The calculated adsorption
energies for all the tested adsorption systems are presented in
Table 2.
All calculated adsorption energies for the tested molecules

were <30 kJ/mol, indicating that the removal of both
compounds by the two activated carbons was predominantly
governed by physical interaction forces. It was proposed that the
adsorption mechanism of MB and 2,4-D compounds on ZnCl2/
OSAC and CPAC surfaces involves both electrostatic
interactions and van der Waals forces.38 The calculated
interaction energies for pollutant molecule−adsorbent surface
were higher than those of the molecular aggregates forming the
subsequent layers. The relatively low energy values of these
molecule−molecule interactions partially explained the decrease
in the number of adsorbed molecular layers on the activated
carbon surfaces as the temperature of the aqueous solution
increased.

■ CONCLUSIONS
A multilayer adsorption mechanism was involved in the
separation of MB and 2,4-D molecules from aqueous solutions
using CPAC and ZnCl2/OSAC. Statistical physics calculations
revealed that the adsorption process of these compounds
primarily followed a multimolecular pathway with the formation
of 2−4 layers depending on the system. Overall, the adsorption
temperature effects highlight that MB adsorption is endother-
mic, whereas 2,4-D adsorption is exothermic. The results
suggested that the adsorbent microporosity played a relevant
role to remove these pollutants due to their different molecular
dimensions. In all cases, physical interaction forces were the
dominant contributors to the pollutant removal mechanisms.
These theoretical results provide valuable insights into the
adsorptionmechanism at the molecular scale and contribute to a
better understanding of the removal of toxic organic pollutants
from water using carbonaceous materials.
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