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Abstract 

In this study, commercial activated carbons (GAB and CBP) were successfully used for the 

removal of two phenoxy acetic class-herbicides, 4-chloro-2-methyl phenoxy acetic acid and 

2.4-dichlorophenoxy acetic acid (MCPA and 2.4-D) from aqueous solution. The adsorbent 

materials were characterized, and their equilibrium adsorption capacity was evaluated. The 

results suggest that the microporous properties of GAB activated carbon enhanced the 

adsorption capacity, in comparison to CBP carbon. Thus, the increasing in the ionic 

strength favored the adsorption removal of both pesticides, indicating that electrostatic 

interactions between the pollutant and the adsorbate surface are governing the adsorption 

mechanism, but increasing pH values decreased adsorption capacity. Experimental data for 

equilibrium was analyzed by two models: Langmuir and Freundlich. Finally, computational 

simulation studies were used to explore both the geometry and energy of the pesticides 

adsorption. 

 

 

 

 

 

Keywords: Activated carbon; adsorption; computational simulation; phenoxy acetic 

herbicides 

 

 

 

 

 

 

 

 

 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 3 

1. Introduction 

The removal of hazardous organic compounds from contaminated water by feasible and 

clean technologies is one of the most important issues in water treatment research. 

Pesticides are one of the most widely used contaminants in many countries, especially 

where the main economic sources are agro-industrial activities, such as Argentina, Brazil, 

Chile, India, etc. Thus, the contamination of natural water and groundwater by pesticide 

compounds is a worldwide problem that has become an important challenge for scientists 

and legal authorities. Clean water is one of the most important issues due to the continuing 

world economic development, the steady increase in the global population and the shortage 

of this non-renewable resource due to climate change. For decades, tons of biologically 

active substances, synthesized for their use in agriculture, industry, medicine, etc., have 

been dumped into the environment inadequately.  

Phenoxy herbicides, one of the most widely used family of herbicides, have been 

commercially available for many years. 2.4-D was first used in the US in the 1940s. This 

agrochemical is a systemic herbicide which selectively kills most broadleaf weeds by 

causing uncontrolled growth in them, but leaves most grasses such as cereals, lawn turf, 

and grass land relatively unaffected. These compounds are used in corn, maize and grazing 

land cultivation and have furthermore been used as defoliating agents as well as for the 

removal of water weeds. This agrochemical is an herbicide that kills plants by changing the 

way certain cells grow. 2,4-D comes in several chemical forms, including salts, esters, and 

an acid form. The toxicity of 2.4-D depends on its form. The form also affects what will 

happen to 2.4-D in the environment and what impacts it may have, especially on fish. 2.4-D 

is used in many products to control weeds, and it is often mixed with other herbicides in 

these products. In 1987, the International Agency for Research on Cancer (IARC) stated 

that 2.4-D is a β-2 carcinogenic compound [1]. Recently, this herbicide has been classified 

as a group D carcinogen by USEPA and is suspected to be an endocrine disruption 

compound [2]. It has been demonstrated that acts increasing abnormal sperms and sperms 

immobility, the probability of immune deficiency disorders and the incidence of nervous, 

kidney and respiratory diseases. In addition, fetus mortality, urinary system disorders, and 

congenital diseases have also been observed in the exposed animals to this pollutant [3]. 
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4-chloro-2-methyl phenoxy acetic acid (MCPA) is a selective herbicide with systemic and 

hormonal action for the control of broadleaf weeds in cereals and other crops. It belongs to 

the group of hormonal herbicides, so-called because they affect the physiology of the plants 

in the same way as natural auxins (in dole acetic acid), but in an exaggerated way and 

without control. It was registered in Canada for use in agricultural sites, fine grass and in 

forestry and currently it is found among the 10 most important pesticides used in Europe 

[4]. In the United States, it is classified as a restricted use pesticide. Within this country, the 

Environmental Protection Agency (EPA) classifies MCPA as a potential pollutant of 

groundwater, with an estimated environmental concentration of 47.3mg·l-1 for underground 

drinking water sources for use without risk to human health; also, it is considered as a 

possible carcinogenic and mutagenic compound by the International Agency for Research 

on Cancer. As a post-emergence herbicide [5], it is used when the crop is already born, 

usually during its first stages. Although it is not extremely toxic, it has recently been 

determined that MCPA can form complexes with metal ions and therefore increase their 

bioavailability [6,7]. Therefore, its DT50 value on the ground, at 20 °C, is 24 days, while in 

water is only of 13.5 days. The carboxyl group present in its chemical composition is 

mainly responsible for its relatively high chemical activity and dominates all interactions 

with mineral surfaces. The MCPA is very poorly soluble in water and due to its anionic 

nature, is weakly retained by most of the soil components, remaining dissolved with a high 

probability of draining and leaching to ground and surface water. 

Many techniques have been developed for pesticides removal from water. Adsorption has 

been revealed as a promising method for phenoxy acetic herbicides depletion due to its 

simple, economic and environmental friendly characteristics. Carbon materials constitute 

the most widely used as adsorbents in the removal of organic compounds from water. 

Commercially, the available activated carbons (AC) come from natural products such as 

wood and fruit peel. But also, any material that is abundant in carbon is likely to be a 

precursor of this material. In this work it has been used two commercial activated carbons, 

GAB and CBP, as efficient and economical materials for the removal of both pesticides. 
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2. Materials and methods 

2.1 Adsorbates 

Both pesticides were synthesized from bibliographic data [8-10] and purified by 

recrystallization from water until verifying that their physical constants are constant and by 

checking into an HP5890 Gas Chromatograph coupled to an HP 5972 and a mass selective 

detector with an HP5-MS column, 30m x 0.25mm x 5μm, using helium as a carrier gas and 

a flow rate of 0.6ml·min-1. Molecular structures and acid-base equilibrium of both 

substances are shown in Figure 1 and the dissociation diagrams are shown in Figures S1, 

where it can be observed that the pKa values of 2.4-D and MCPA were of 2.73 and 3.07, 

respectively. Finally, the most important physicochemical properties of both pesticides are 

summarized in Table 1.  

[Figure 1] 

[Figure S1] 

[Table 1] 

 

Since both molecular structures are very similar, their molecular size is very similar. The 

most important difference between the compounds lies in their solubility in water, higher 

for MCPA pollutant. 

 

2.2 Adsorbents 

Two commercial activated carbons, with different physical and chemical properties, named 

as GAB and CBP, were tested. The adsorbents were ground and sieved to the required 

particle size (500–355 µm). Firstly to be used in the adsorption tests, the materials were 

thoroughly washed with boiling water, in order to remove impurities from the inner pores 

and then were dried in an oven at 110°C for 24 h.  

 

2.3 Adsorbents characterization 
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The adsorbent materials used in the adsorption experiments were characterized to detail 

their surface and morphological chemical properties. The textural characterization of the 

solids was carried out by N2 adsorption–desorption isotherms in an automated 

physisorption equipment (Micromeritics ASAP 2020) at 77 K. The specific surface area 

and pore size values were determined by using BET equation from N2 adsorption isotherm 

data. The total pore volume was calculated from the amount of N2 adsorbed at P/P0 = 0.95, 

while the micropore volume was estimated by the Dubinin-Radushkevich method. The 

mesopore volume is also obtained from the N2 adsorption isotherm in the range of relative 

pressures P/P0 from 0.40 to 0.95 assuming that the molar volume of liquid nitrogen is 35 

cm3·mol−1. Likewise, the medium pore size of the materials was obtained by using the 

Density Functional Theory (DFT) and Barrett, Joyner and Halenda (BJH) method [11,12]. 

Attending to explore the surface chemistry of the materials, FT-IR spectra of the solids 

were recorded in a Thermo Nicolet spectrophotometer within the range of 400–4000 cm-

1using the KBr pellet technique. The zero-charge point (pHPZC) was determined using the 

mass titration method, in accordance to ASTM D3838-05 (Standard Test Method for pH of 

Activated Carbon). This methodology is based on the measurement of the pH solution as a 

function of the mass concentration of the solid [13]. For this purpose, samples of dried 

activated carbon ranging from 0.1 to 1.0 g were placed in a flask. Then, 40 mL of 

previously boiled distilled water were added. The system was boiled for 15 min 

approximately. Then, the system was disassembled and immediately collected the filtrate 

and measured the pH at 50 ± 5°C. Finally, pH values were plotted as a function of the mass 

percentage, and the point of zero charge was determined by extrapolation to zero mass 

percentage. Also, Boehm titration measurements were performed in order to determine the 

acidic and basic surface groups of the activated carbons [14]. Two bases were used for this 

purpose: NaOH and NaHCO3. It is assumed that NaHCO3 neutralizes only carboxyl groups 

while NaOH neutralizes carboxylic acids, phenols, lactones and carbonyls. HCl solution 

was used for the neutralization of the basic groups. In the procedure, 0.1000 g of carbon 

was placed in a 100 mL Erlenmeyer flask. Then, 100 mL of 0.0563 M HCl solution was 

added. The system was kept under constant stirring for 24 h. After, the mixture was filtered 

and 20 mL of each solution was taken. They were titrated with 0.0539 M NaOH using 

phenolphthalein as pH indicator. For the determination of the acidic groups, two 
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measurements were made following the same procedure, using 0.0539M NaOH and 0.0500 

M NaHCO3, and methyl orange as pH indicator. A blank experiment was also performed in 

order to verify the pH value of charcoal dispersion in distilled water. Finally, the 

thermogravimetric analysis (TGA) were carried out under inert conditions (N2 flow of 50 

mL·min-1) and with a heating rate of 10 °C min-1 from 30 to 1000 °C. The analysis was 

performed with a Seiko EXTAR 6000 TGA/DTA thermal analyzer. 

The morphological properties of the adsorbent materials were explored by scanning 

electron microscopy (SEM). The micrographs were obtained in JEOL JSM 6400 

microscope, equipped with a thermionic cathode electron gun with tungsten filament and a 

25 kV detector. Samples, previously dried in an oven overnight at 110 ºC, were supported 

on brass discs by graphite tape. 

 

2.4 Adsorption tests 

Batch adsorption studies were carried out by adding a constant dose of activated carbon 

(0.0020 g) into 25 mL Erlenmeyer flasks containing 20 mL of different initial 

concentrations (5-40 mg·L-1) of MCPA and 2.4-D solutions with a NaCl concentration of 

0.01 M for each experiment. Deionized water was used in all the experiments and no buffer 

solutions were used to avoid the possible formation of precipitates or competition with the 

solute in the adsorption process. The samples were maintained under constant stirring for 

72 h, finding that the adsorption equilibrium was achieved within this time under all the 

tested operation conditions. MCPA and 2.4-D concentrations were measured in a double 

beam UV-vis spectrophotometer at 279 and 284 nm, respectively. The equilibrium 

adsorption capacity, qe (mgg-1), was calculated according the Equation 1: 

 0 e
e

C C V
q

W

 
         (Eq. 1) 

where, C0 and Ce (mg·L-1) are the liquid-phase concentrations of pesticide at initial and at 

equilibrium time, respectively, V (L) is the solution volume and W (g) is the weight of the 

adsorbent. Each adsorption test was performed in duplicate. 
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Solution pH is one of the factors that control the adsorption process of organic weak 

electrolytes on carbon materials due to the formation of electrostatic interactions between 

the adsorbent and adsorbate. Thus, solution pH determines the carbon surface charge and 

the dissociation or protonation of the electrolyte. At a solution pH lower than the pHPZC the 

total or external surface charge, respectively, will be on average positive, whereas at a 

higher solution pH they will be negative. In addition, the solution pH also controls the 

dissociation or ionization of the electrolyte through its pKa. Thus, for instance, acidic 

electrolytes will be dissociated at pH>pKa. Therefore, the solution pH controls the 

adsorptive–adsorbent and adsorptive–adsorptive electrostatic interactions, which can have a 

profound effect on the adsorption process. 

It is known that the solubility of organic compounds in water is dependent on the 

concentration of electrolyte present in the aqueous solution. Therefore, ionic strength is a 

key factor that controls electrostatic interactions. These interactions, whether attractive or 

repulsive, can be increased or decreased by modifying the concentration of salts dissolved 

in the medium. When the electrostatic interactions between the surface and the adsorbate 

are repulsive, an increase in the ionic strength will increase the adsorption capacity. On the 

other hand, when the interaction is attractive, or the surface concentration is enough low, an 

increase in the ionic strength will decrease the adsorption removal. There is no single 

explanation for determining the effect of salt concentration in a given adsorbate-adsorbent 

system. But it is worth to mention two of them; the so-called salting out and the screening 

effect. Due to the effect of the salting out an increase in the amount of salt added to the 

solution generates a decrease in the solubility of the organic molecules in the aqueous 

phase, increasing the adsorption. The addition of salts to the solution causes its ions to 

strongly attract water molecules forming hydration spheres, and therefore these water 

molecules will no longer be available for the dissolution of the organic compound 

(adsorbate) thus decreasing the solubility of the compound and favoring the diffusion of 

organic molecules towards the adsorbent. The screening effect can occur with the increase 

of the salt concentration, thereby decreasing the interactions between the adsorbent and the 

adsorbate [15]. 
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2.5 Computational methodology and model 

Density functional theory calculations are performed using the VASP (Vienna Ab initio 

simulation package) code which is based on the Kohn-Sham density functional theory 

(DFT) formulation [16, 17] and including the dispersion interaction via Grimme's –D2 

correction [18]. The electron-ion interactions are described by ultra soft pseudopotentials 

and exchange correlation energies are calculated with the generalized gradient 

approximation (GGA) as parameterized by Perdew–Burke–Ernzerhof [19-24].  

The surface chemistry of the activated carbon is dictated by the heteroatoms (carbon (88%), 

hydrogen (0.5%), nitrogen (0.5%), sulfur (1%), oxygen (7%)) and inorganics (3%)) present 

on it [25]. Those heteroatoms represent organic functional groups at the edges of carbon 

surface. The heteroelement content of the carbon depends on its origin and the employed 

activation method. Because of surfaces diversity, in a first approximation we have selected 

a graphite model as activated carbon model. Some theoretical studies of graphite [26–31] 

have confirmed that most of its physics is the same as that of a single graphite layer. In 

theoretical studies, the structural models that are traditionally used to simulate adsorption 

are derived from graphite, in which all the atoms are in hexagonal rings [32]. The carbon 

pores are then assumed to have a slitlike shape confined by the parallel planes of the 

graphite. According, it was modeled a slab consisting of three graphene layers arranged in a 

regular hexagonal pattern. The bottom layer of the slab was held fixed allowing the top two 

layers to relax. The molecule was adsorbed on the topmost surface layer. The vacuum 

between the slabs when adsorbates are included is greater than 11 Å, large enough to ensure 

no significant interaction between the slabs. The Brillouin zone of the surface unit cells was 

sampled with 3x3x1 Monkhorst-Pack mesh. An energy cutoff of 400 eV was used for the 

bare surface as well as molecules adsorbate on surface. The tolerance for the geometry 

optimization was set to a force of 0.01 eV/Å and a total energy difference down to ~1 

meV/atom. The adsorption energy in each case is calculated according to the following 

equation Eads = Emolecule/ slab – Emolecule –E slab, where Emolecule is the total energy of an isolated 

molecule (2,4 -D or MCPA), Eslab is the total energy of the bare activated carbon surface 

and Emolecule/ slab is the total energy of the adsorbate on slab system. A negative Eads 

corresponds to a stable adsorbate/slab system. Bader analysis was used to calculate the 

electronic charges on atoms [33]. 
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3. Results and discussion 

3.1 Adsorbents characterization 

The textural properties, e.g., specific surface area and pore volume of the tested adsorbents 

are collected in Table 2.  

[Table 2] 

Attending to the specific surface area and pore volume values, commercial activated 

carbons showed much higher values, e.g., 1189 and 1288 m2g-1 of BET surface area; 0.53 

and 1.10 cm3g-1 of pore volume for GAB and CBP, respectively. 

In Table 3 are summarized the measured concentration of acid and basic groups of GAB 

and CBP activated carbons. From the results, CBP material contained higher quantity of 

basic groups than GAB (7.832 vz. 2.441 mmolg-1), so this adsorbent offered more basic 

properties on its surface.  

[Table 3] 

 

Nevertheless, the point of zero charge of GAB adsorbent was found of 7.46, a mainly basic 

solid, since CBP adsorbent took a value of 4.76, being more acidic. This difference is 

fundamental to analyze the interactions generated between the adsorbents and both solutes. 

If the solution pH is higher than 4.76, both the pesticide molecule and CBP surface will be 

negatively charged, involving repulsive electrostatic forces in the adsorption process, 

whereas if the solution pH is even higher than 7.46, GAB surface will have a mostly 

negative charge. 

The FT-IR spectra of both activated carbons are shown in Figure 2. It is noteworthy that 

both spectra are similar due to the carbonaceous nature of the adsorbents. A high intensity 

band was observed at 3100-3500 cm-1, corresponding to -OH stretching vibration, due to 

adsorbed water molecules in the structure of the solid. The bands found at 2850-2920 cm-1 

are characteristic of the presence of aliphatic groups. These peaks do not show a high 

intensity, but they are representative of carbon materials. Vibrations at 1600-1610 cm-1 and 

1461 cm-1detected in the CBP spectrum are indicative of the presence of carboxyl groups 
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(COOH) in the carbon surface. In the range 1000-1260 cm-1, the CBP spectrum showed 

higher intensity compared to that found for GAB activated carbon, confirming the presence 

of a higher number of acidic-type functional groups. In the spectrum of CBP activated 

carbon, a very weak band at 1453 cm-1 was observed, attributed to the asymmetric bending 

of CH3 groups. 

[Figure 2] 

The morphological characterization of activated carbons has been studied by SEM 

technique. Figures S2 in the Supplementary Material show the SEM micrographs of both 

GAB and CBP activated carbons. 

[Figure S2] 

TGA curves of both activated carbons can be observed in Figure S3 (see Supplementary 

Material). In the temperature range between 80 and 100 °C, the weight loss is attributed to 

the dehydration of the materials, characteristic of all the solids studied by this technique. 

The loss of water is very significant for both cases. Throughout the whole temperature 

range, reaching approximately to 900 °C, the mass loss was very low, indicating that both 

carbons are very thermally stable.  

[Figure S3] 

 

3.2 MCPA and 2.4-D adsorption tests 

In order to study the effect of increasing the electrolyte concentration on the solution, the 

same adsorption experiments were carried out. Firstly, as expected, it could be confirmed 

that the modification of the concentration of electrolyte did not affect the equilibrium time. 

We separate the results according to the adsorbent and herbicide analyzed. 

Figures 3 and 4 show the adsorption isotherms of 2.4–D onto GAB at different pH solution 

values (5.0; 6.5 and 8.0) and two different ionic strengths (0.01 and 0.50 M, respectively). 

It can be seen that the increasing in the pH value led to a decreasing in the adsorption 

capacity. Indeed, at higher ionic strength, the 2.4-D adsorption capacity increased. Figures 
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5 and 6 show the results using CBP as adsorbent material; it can be observed the same 

trend. 

[Figure 3] 

[Figure 4] 

[Figure 5] 

[Figure 6] 

Comparing the isotherms obtained for the adsorption of 2.4 - D at different values of ionic 

forces, it can be observed how an increase in this variable generates an increase in the 

capacity of adsorption on both activated carbons. It is observed that the increase in a first 

instance is due to the presence of ions in the solution reduces the number of water 

molecules that can interact with the analyte and this loses the interaction with the medium 

and is adsorbed by the carbon, this phenomenon disappears when the ionic strength 

increases considerably. 

Electrostatic interactions may be reduced by increasing the ionic strength of the solution. 

This has the effect of screening, and thereby reducing, all electrostatic interactions, both 

attractive and repulsive. When attractive interactions are generated between the surface of 

the adsorbent and the adsorbate, and the surface concentration is sufficiently low, an 

increase in ionic strength will decrease adsorption. Conversely, if non-electrostatic forces 

govern adsorption and the electrostatic interaction is repulsive, or at high surface 

concentrations, adsorption will increase with increased ionic strength [34, 35]. 

The adsorption isotherms of 2.4 - D can be classified as L-2, according to Giles 

classification [36], which indicates that, as more sites in the substrate are filled with the 

adsorbate, it becomes increasingly difficult for the solute molecules find an active site 

available.  

The isotherms obtained under the conditions of 0.01 M and pH = 5.00 on both materials 

were parametrized according to the Langmuir and Freundlich models. Table 4 summarizes 

the experimental values obtained according to the adjustments to these models for 2.4 – D. 
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[Table 4] 

 

The experimental data for 2.4 - D were successfully fitted by both models (Freundlich and 

Langmuir) for GAB adsorption, The adsorption process seems to occur in two stages: an 

initial step in which the pesticide is rapidly adsorbed by physical bonds and later, a slower 

stage, where the diffusion of the compound occurs into the less accessible active sites of the 

adsorbent, involving the formation of chemical bonding. Onto CBP, the best model was 

Freundlich, which considers that the adsorbate-adsorbent system is heterogeneous, the most 

commonly found in liquid-phase adsorption. 

MCPA adsorption capacity values onto both tested activated carbons were found very high. 

This could be explained considering the molecular structure of MCPA. The molecule 

presents an acidic group that can form strong H-bonding with the surface of the 

carbonaceous adsorbents. In addition, the accessibility of the molecule into the inner pores 

of the carbon structure led to a faster adsorption kinetic.  

Figures 7and 8 show adsorption isotherms of MCPA onto GAB and Figures 9 and 10 on 

CBP under the same experimental conditions used for 2.4 – D. 

[Figure 7] 

[Figure 8] 

[Figure 9] 

[Figure 10] 

 

The adsorption isotherms of MCPA can be classified as L-2, according to Giles 

classification, which indicates that, as more sites in the substrate are filled with the 

adsorbate, it becomes increasingly difficult for the solute molecules find an active site 

available. The isotherms obtained under the conditions of 0.01 M and pH = 3.00 on both 

materials were parametrized according to the Langmuir and Freundlich models. Table 5 
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summarizes the experimental values obtained according to the adjustments to these models 

for MCPA. 

 

[Table 5] 

 

Based on the non-linear correlation factors, the model that best suits this system is that of 

Langmuir. The low value of KL, which represents the affinity constant, indicates that the 

strength with which an adsorbate molecule is retained on the surface of the solid is weak at 

this temperature. This also allows us to suppose that the forces acting on this system are of 

a physical nature. For MCPA, the adsorption capacity onto CBP activated carbon was 

lower than that obtained for GAB activated carbon. Onto CBP, the best model was 

Langmuir although Freundlich isotherm model is also goof fitted, which considers that the 

adsorbate-adsorbent system is heterogeneous, the most commonly found in liquid-phase 

adsorption. The adsorption process seems to occur in two stages: an initial step in which the 

pesticide is rapidly adsorbed by physical bonds and later, a slower stage, where the 

diffusion of the compound occurs into the less accessible active sites of the adsorbent, 

involving the formation of chemical bonding. In this case, when the pH solution increased, 

the adsorption capacity decreased. 

The results of the adsorption experiments carried out with the activated carbons, allowed to 

determine the best conditions to carry out the best process of removal of each pesticide.  

 

3.3 Computational results  

Several initial configurations are considered in order to find the most favorable pesticides 

adsorption geometry on the activated carbon surface. Upon full structural optimization, the 

most stables configurations are found (Figure 11).Both molecules adsorb quasi planar on 

the surface. The adsorption is weak and then physique sorption is present. No significant 

changes are observed in the geometry of the molecules during the interaction with the 

surface.  
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We have computed the density of states (DOS) of the systems when the molecules adsorbs 

on activated carbon surface (Figure12). In addition, the densities of states of the clean 

surface (without the adsorbed molecules) and the isolated molecule (2.4-D or MCPA) are 

also shown. There are bands associated with the interaction between the molecule and 

surface orbitals. Both 2.4-D and MCPA activated carbon systems look quite similar. The 

difference on isolated molecules DOS is presented from -22.65 eV to -15.10 eV. On the 

other hand, the molecule-surface overlapping takes mainly play from -23.00 eV to the 

Fermi level and the molecules contribute with new states in the high part of the band in the 

range of -23.00 eV to 28.00 eV.  

The electron distribution on 2.4-D and MCPA influences on the interaction with the carbon 

surface. In order to correlate, in same way, charge changes to adsorption effectiveness, we 

have performed the Bader charge analysis of both molecules. Tables 6 and 7 show the 

charge changes on individual atoms of 2.4-D and MCPA molecules, respectively, according 

to Bader space-partitioning scheme (the major changes are in bold). The electron on 

benzene ring of 2.4-D are mainly implies in the interactions with the carbon surface. The 

increased π-electron density strengthened the attraction between benzene ring of 2.4-D and 

graphene through π-π interaction. Similar interaction is present during MCPA adsorption; 

in addition, O-C and H-C interactions are also present. 

[Figure 11] 

[Figure 12] 

      [Table 6] 

      [Table 7] 

 

4–Conclusions 

GAB activated carbon is the material that has the highest adsorption capacity for both the 

MCPA and 2.4 - D. This can be explained, not only by its high specific surface (although 

less than CBP), but its basic properties given by us point of zero charge. The increase of 

external factors such as pH and ionic strength, generate a decrease in the capacity of 
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adsorption within the studies for the MCPA, but in the case of 2.4 D, the increase in the 

ionic strength increases the capacity of adsorption. Theoretical, for 2.4 – D adsorption 

analysis, experimental data fitted with both classic models (Langmuir and Freundlich) on 

GAB and CPB, and MCPA shows a better fitted with Langmuir model on GAB and CPB.  

Considering computational work, calculations signified that the adsorption reaction is 

spontaneous, exothermic and weak. The π-π interaction between benzene ring of 2.4-D (or 

MCPA) and grapheme layer is an important factor that resulted in the molecule adsorption. 

In addition, O-C and H-C interactions are also present during MCPA adsorption. 
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Figure 1. Acid-base equilibrium of 2.4 – D and MCPA 
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Figure 2. FT-IR spectra of GAB and CBP activated carbons 
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Figure 3. 2.4–D adsorption isotherms on GAB at different pH and an ionic strength of 0.01 M 
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Figure 4. 2.4–D adsorption isotherms on GAB at different pH and an ionic strength of 0.50 M 
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Figure 5. 2.4–D adsorption isotherms on CBP at different pH and an ionic strength of 0.01 M 
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Figure 6. 2.4–D adsorption isotherms on CBP at different pH and an ionic strength of 0.50 M 
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Figure 7. MCPA adsorption isotherms on GAB at different pH and an ionic strength of 0.01 M 
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Figure 8. MCPA adsorption isotherms on CBP at different pH and an ionic strength of 0.01 M 
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Figure 9. MCPA adsorption isotherms on GAB at different pH and an ionic strength of 0.50 M 
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Figure 10. MCPA adsorption isotherms on CBP at different pH and an ionic strength of 0.50 M 
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Figure 11. Lateral and top views of 2.4 – D (a) and MCPA (b) adsorbed on the activated carbon 
surface. 
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Table 1. Physicochemical properties of the tested herbicides 

Herbicide Molecular weight 
(molg-1) 

Solubility in H2O (mgL-

1)at 298 K 
Molecular size 

(nm3) 
2.4-D 221 500 0.1000 
MCPA 200 825 0.0964 
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Table 2. Textural properties of the tested adsorbents 

Adsorbent SBET 
(m2g-1) 

SNon-mic 
(m2g-1) 

SMic(m2g-
1) 

VTotal 
(cm3g-1) 

VMic 
(cm3g-1) 

Average pore 
size* (nm) 

CAT 1189 473 580 0.53 0.27 2.25 

CBP 1288 1195 99 1.10 0.04 4.39 

       
*Average pore size determined at 4V/A by BET 
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Table 3. Boehm titration results of the GAB and CBP  

 

Adsorbent Carboxylic groups 
(mmolg-1) 

Phenolic groups 
(mmolg-1) 

Basic groups 
(mmolg-1) 

GAB 2.721 7.781 2.441 
CBP 1.311 7.922 7.832 
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Table 4. 
Parameters 
obtained 
from for the 
adsorption 
of 2.4 – D 
on GAB 
and CPB 

Theoreticalmodel GAB CPB 

 Parameter Value Parameter Value 

Langmuir 

Qm (mgg-1)  

KL (lmg-1)  

R2 

367.1519 

0.1976 

0.9993 

Qm (mgg-1)  

KL (lmg-1)  

R2 

273.0683 

0.1858 

0.9959 

Freundlich 

KF (mgg-1)  

nF 

R2 

170.5971 

6.0422 

0.9959 

KF (mgg-1)  

nF 

R2 

124.5251 

6.0182 

0.9987 
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Table 5. 
Parameters 
obtained 
from for the 
adsorption 
of MCPA 
on GAB 
and CPB 

 

Theoreticalmodel GAB CPB 

 Parameter Value Parameter Value 

Langmuir 

Qm (mgg-1)  

KL (lmg-1)  

R2 

599,8785  

0,0285   

0,9955  

Qm (mgg-1)  

KL (lmg-1)  

R2 

399,865  

0,0285   

0,9897 

Freundlich 

KF (mgg-1)  

nF 

R2 

10,4226  

0,8543  

0,9656  

KF (mgg-1)  

nF 

R2 

125,6556  

0,8525  

0,9840  
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 Table 6. Partial charge on atoms for isolated and adsorbed 2,4-D molecule on the activated 

carbon surface 

(AC) surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atom 

 

Isolated 2,4-D  2,4-D on AC Charge exchange   

 

1 4.1742 4.0238 -0.1504 

2 3.7734 3.7970 0.0236 

3 4.0131 3.9268 -0.0863 

4 3.1959 3.2869 0.0910 

5 3.9385 3.9638 0.0253 

6 3.8874 4.0222 0.1348 

7 3.2993 3.3209 0.0216 

8 1.2649 1.2657 0.0008 

9 7.9065 7.9253 0.0188 

10 7.6286 7.6345 0.0059 

11 7.8988 7.8956 -0.0032 

12 0.8891 0.9053 0.0162 

13 0.9165 0.8657 -0.0508 

14 0.9117 0.8963 -0.0154 

15  0.0002 0.0005 0.0003 

16  0.9113 0.9125 0.0012 

17 0.9537 0.9417 -0.0120 

18 7.2250 7.2260 0.0010 

19  7.2119 7.2092 -0.0027 
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Table 7. Partial charge on atoms for isolated and adsorbed MCPA molecule on the activated 

carbon surface (AC) surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atom 

 

Isolated MCPA  MCPA on AC  Charge exchange  

 

1 4.0206 3.9941 -0.0265 

2 3.8153 3.8649 0.0496 

3 40191 4.0078 -0.0113 

4 32160 3.3187 0.1027 

5 4.0724 3.8526 -0.2198 

6 4.0066 4.0427 0.0361 

7 4.0128 4.0773 0.0645 

8 3.2845 3.2526 -0.0319 

9 1.2945 1.2431 -0.0514 

10 7.6220 7.5882 -0.0338 

11 7.8639 7.9679 0.1040 

12 7.9203 7.9146 -0.0057 

13 0.0002 0.0002 0.0000 

14 0.9259 0.9280 0.0021 

15  0.9400 0.9331 -0.0069 

16  0.9508 0.8898 -0.0610 

17 0.9555 0.9718 0.0163 

18 0.9977 0.9906 -0.0071 

19  0.9693 1.0021 0.0328 

20 0.9455 0.9322 -0.0133 

21 0.9278 1.0082 0.0804 

22 7.2394 7.2381 -0.0013 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 41 

 

 

11

9

12

410
5 6

3 2

1

7

22

13

1415

21

20
19

16
17

18

8

 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 42 

Highlights 

The microporous properties of GAB enhanced the adsorption capacity, in comparison to 

CBP.  

The increase of pH and ionic strength generate a decrease in the capacity of adsorption of 

MCPA. 

Increase in the ionic strength increases the capacity of 2.4-D adsorption.  

The adsorption reaction is spontaneous, exothermic and weak.  

The π-π interaction results in 2.4-D adsorption, additional O-C, H-C bonds in MCPA 

adsorption. 
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