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Abstract: 

The removal of β-HCH from contaminated water by adsorption on activated carbons is 

presented. Sugar cane bagasse activated carbons with different textural and surface chemical 

properties were prepared and characterized for studying β-HCH adsorption process. The 

isotherms are correlated by six models, among which the Fowler-Guggenheim/Jovanovic-

Freundlich model is found to provide the best fit for two of the studied activated carbons. The 

isotherm adsorption data were correlated with the surface functional groups composition. β-
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HCH adsorption was favored by the presence of acidic groups at the AC surface of 

chemically activated carbons. A throughout theoretical exploration of the potential energy 

surface for the interaction of β-HCH with a graphene sheet alone or containing hydroxyl or 

carboxyl surface groups were done. Molecular modelling results showed that under neutral to 

slightly acidic conditions only carboxylic surface groups should significantly contribute to β-

HCH adsorption, in qualitative agreement with the experimental results. The analysis of the 

most stable structures suggests that the hydrogen bonds between the axial hydrogens of β-

HCH and the charged oxygens of the deprotonated acidic surface groups are the main 

interactions responsible for the adsorption. This result is confirmed by a Temperature-

Programmed Desorption study, showing that β-HCH molecules are associated with carboxylic 

groups of AC surface.  

1. Introduction 

Since 1960’s, the French West Indian islands, Guadeloupe and Martinique have based 

their economy on two major agricultural productions: banana and sugar cane crops1. Indeed, 

tropical climate is favorable to production of banana, but it allows the development of parasite 

such as banana weevil (Cosmopolite sordidus) which attacks the roots of this plant. Indeed, to 

control this pest, chlorinated pesticides such as chlordecone (CLD), hexachlorocyclohexane 

(HCH) and dieldrine were used until the beginning of the 1990’s, resulting in diffuse 

contamination of soils and surface waters2. HCH belongs to the organochlorinated compounds 

family. It is a monocyclic saturated chlorinated hydrocarbon of chemical formula C6H6Cl6. 

The six chlorine atoms make it stable in the environment3. HCH is synthesised, by 

photochemical chlorination of benzene. The synthesis product, a mixture of HCH isomers 

(67-70% of α-HCH (alpha-HCH), 10 to 12% of γ-HCH or lindane, 5-6% of β-HCH (beta-

HCH), 6% of δ-HCH,  traces of ε-, λ-and υ-HCH) is called "technical" HCH. Lindane is the 

sole isomer having insecticide properties, nearly 90% of the HCH mixture are inactive 
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isomers4, but all of them are toxic and carcinogenic5. Because of their low vapour pressure 

(3,52.10-5 to 9,4.10-6 mm Hg), hexachlorocyclohexane isomers evaporate slowly from soil and 

surface waters. Their high sorption coefficient to organic carbon (Koc ≈ 3.57) gives them an 

excellent affinity for organic matter rich soils. When technical HCH is used, β-HCH isomer is 

the most persistent one due to the presence of chlorine atoms in equatorial position. β-HCH is 

highly accumulating and less easily degraded by living organisms6-9.  Technical HCH was 

used since 1951 and its use was banned in France in 1972. Therefore, more than twenty years 

after HCH has been banned the molecule can be found in soils, water and the food chain in 

Guadeloupe and Martinica2. To limit impregnation to pesticides, in the polluted areas of 

Guadeloupe and Martinica, drinking water production plants were equipped with activated 

carbon filters.  

Generally, adsorption on activated carbon is proved to be one of the most effective 

techniques in the separation and removal of a wide variety of organic micropollutants such as 

pesticides10-11 from raw water. Despite its frequent use, AC remains an expensive material. 

Petroleum residues, natural coal and woods were for a long time, the main AC precursors12-13. 

But, since a few years, many lignocellulosic precursors at low cost and easily available have 

been used14-23. Sugar cane bagasse a by-product of sugar industry, has already been the 

subject of other studies24-28. Experiments using sugar cane bagasse allowed the production of 

ACs with good textural and adsorption properties29. The use of this renewable resource 

provides a sustainable cleaning process, because a high value product is obtained from a low 

cost material, and, simultaneously, it brings, solutions to the problem of wastes and local 

water pollution.  Although some studies has been done on the removal of organo-chlorinated 

aromatics and pesticides by AC from contaminated water10-11, 30-33. There is very few 

information about the influence of surface functional groups on adsorption of this family of 

compounds by activated carbons. Adsorption of γ-HCH (lindane) has been studied on 
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different adsorbents such as bagasse ash34, zeolithe35, as well activated carbons36-40. In this 

research work, sugar cane bagasse activated carbons (SCB ACs) containing mainly large 

micropores, with different porous distribution and chemical groups composition at their 

surface were prepared and used to remove β-HCH from contaminated water. The influence of 

activated carbon surface properties and of textural characteristics on β-HCH adsorption onto 

SCB AC was explored. The adsorption data were correlated with the surface chemistry 

composition data obtained from X-ray photoelectron spectroscopy (XPS).  The role of surface 

groups was also investigated by means of a theoretical approach and further comparison of 

experimental and theoretical results. 

2. Materials and methods 

2.1. Chemicals 

β-hexachlorocychlohexane (98.5 %) was provided by Cluzeau Info Laboratory (C.I.L.). 

Critical size  of β-HCH structurewas determined by using the MOPAC software. 

2.2. Activated carbons: preparation 

The ACs were obtained from sugar cane bagasse collected in Guadeloupe, French West Indies. These 

materials were initially dried at 105°C for 48 h using a drying oven, then ground and sieved to several 

particle sizes ranging from less than 0.2 to 1 mm. The fraction with a particle size ranging between 0.4 

and 1 mm was used for carbonization. In this experiment, two conventional methods of preparation of 

AC were used.  For physical activation, approximately 5 g of pre-treated sugar cane bagasse 

were initially pyrolyzed in a furnace Thermolyne F-21100 under nitrogen atmosphere at 

800°C for 1 hour with a heating rate of 10°C/min. Carbon thus prepared, were then activated 

with steam under a nitrogen atmosphere at 800°C for 8 h with a heating rate of 10°C/min in 

the same furnace giving sample BagH2O. For chemical activation, 3 g of the raw material was 

impregnated in phosphoric acid (H3PO4) 85% for 24 h, in order to facilitate the access of the acid 
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inside the particles. Impregnation ratios; XP (g H3PO4 /g precursor): 0.5:1; 1:1 and 1.5:1 were used 

giving samples: BagP0.5, BagP1, BagP1.5 respectively. After impregnation, the samples were dried 

for 4 h at 110°C in a drying oven. The samples thus dried were pyrolyzed under a nitrogen flow at 

600°C for 1 h. After cooling, until ambient temperature, the ACs thus obtained were washed with 

distilled water until stabilization of the pH.
41. 

2.3. Activated carbon: characterization 

The textural characterization of the produced ACs was carried out by N2 adsorption at 77 K 

using a Micromeritics model ASAP-2020 analyzer. The microporous surface (Smi) and 

external surface (Sext), the total pore volume (VT) and micropore volume (Vmi) were evaluated 

by the t-plot method, and mesopore volume (Vme) was estimated by the Barett-Joyner-

Halenda (BJH) method42. The mean pore diameter, Dp, was calculated from Dp = 4VT/S43, 

where VT, is the total volume of pores, and S being the BET surface area. The % of surface 

functional groups, O and C content, on the ACs surface were estimated by XPS (X-Ray 

Photoelectron Spectroscopy). XPS measurements were conducted on an Axis-Ultra DLD 

model Kratos, equipped with a hemispherical electron analyzer and Al-Kα (1253.6 eV) X-ray 

exciting source. The analysis of the C1s and O1s line allowed the semi-quantification of 

functional groups at the surface of the sample. Therefore, graphitic, hydroxyl, carbonyl and 

carboxyl groups were identified from the C1s line. Further details were obtained from the O1s 

line, particularly on carbonyl and hydroxyl groups and also on adsorbed water. 

The total surface acidity and basicity of the samples were determined by titration with NaOH 

and HCl using the Boehm titration method44 adapted by Moreno-Castilla et al.
45.  0.2 g of AC 

was mixed with 50 ml of 0.05 N NaOH or HCl solutions for 48 h with continuous stirring. 10 ml of 

each filtrate were then titrated against 0.05N HCl or NaOH, using phenolphthalein as indicator. 

Capacity for H+ and capacity for OH− were then measured. The pH at point of zero charge (pHPZC) 

was measured according to the procedure described in 46.  
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2.4. HCH quantification 

Quantification of β-HCH was carried out using a liquid chromatographer equipped with a 

mass spectrophotometer (AGILENT LC/MS 1100 series system). Ionization of β-HCH was 

achieved by electrospray (API-ES) in negative ion mode. Final parameters of nebulizer 

chamber were defined as following: drying gas flow: 12 L/min, temperature of drying gas: 

350°C, pressure of atomizer: 35 psi, capillary tension: 4000 V, collision energy: 50 eV. The 

product-ion mass spectra of β-HCH are m/z 507 and 509. The LC/MS analyses were carried 

out using a C8 column (2,1 x 150 mm, Eclipse X08-C8). The LC separation was performed at 

80°C using the following gradient: 0-6 min 55% of ACN in water, one minute more at 100%. 

2.5. Adsorption isotherms 

To investigate the adsorption kinetic of β-HCH onto ACs surface, a stock solution at a 

concentration of 1 g.L-1 was prepared by dissolving β-HCH powder with pure acetone 

solution. For adsorption experiments, solutions were made by diluting from stock solution, to 

obtained aqueous solution at 1 mg.L-1.  Before adsorption experiments AC samples were first 

dried overnight at 105°C. Kinetic adsorption studies were performed in 500 mL of working 

volume of liquid sample contacting with 5 mg of each AC. Aqueous samples (1ml) were taken 

from the solution at preset time intervals and the concentrations were analyzed. For each experiment, 

two controls were prepared without bagasse AC, allowing studying the behavior of CLD, 

allowing to determine equilibrium time of adsorption (5 days). For adsorption equilibrium 

experiments, a fixed carbon mass (5 mg) was weighted into 200 mL conical flasks containing 

100 mL of β-HCH solution at different initial concentrations ranging from 50 to 8000 µg.L-1, 

agitated at 200 rpm and at 25±1oC until equilibrium was obtained. The equilibrium time was 

preliminary determined by kinetic tests. Each experiment was repeated at least two times 

under identical conditions. The amount of β-HCH adsorbed on the AC at equilibrium was 

calculated as: 
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qe = V(C0 – Ce)/M (1) 

where qe is the amount of adsorbate adsorbed at equilibrium per unit amount of adsorbent; V 

is the volume of aqueous  β-HCH solution; C0 is the initial concentration of  β-HCH in liquid 

phase; Ce  is the concentration of adsorbate in aqueous phase at equilibrium and M is the total 

mass of adsorbent. 

 

2.6. Adsorption modeling 

The correlation of the experimental adsorption data with six adsorption models was 

undertaken to gain an understanding of the adsorption behaviour (Table 1). They can be 

classified into:  (i) simple isotherm models for homogeneous surfaces without lateral 

interactions, like the Langmuir model47; (ii) isotherm models for homogeneous surfaces with 

lateral interactions, like the Fowler model48; (iii) isotherm equations for heterogeneous 

surfaces without lateral interactions, like Freundlich and Jovanovic-Freundlich models49-50,  

(iv) isotherm equations for heterogeneous surfaces with lateral interactions, like the Fowler-

Guggenheim/Jovanovic-Freundlich model50, and (v) multilayer isotherm models for 

homogeneous surfaces without lateral interactions, like the multilayer Langmuir model51.  

Regressions of the experimental data to the adsorption isotherm models were performed using 

a corrected Newton algorithm52. The procedure calculates the values of the isotherm 

parameters which minimize the residual sum of squares (RSS): 

( )
2

1
∑
=

−=
n

i

i,tiexp, qqRSS          (2) 

where iqexp,  and itq , are the experimental and calculated values for each data point, 

respectively. 
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The selection of the most adequate model was performed using Fisher’s test. The model 

selected exhibited the highest value of the Fisher parameter Fcalc
52: 
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where qe

exp  is the mean value of the vector qe

exp  and l is the number of adjusted parameters of 

the model.  

The average standard error of estimation (ASEE) is calculated as: 
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2.7. Temperature-programmed desorption (TPD) experiments 

ACs were first dried overnight at 105°C. A stock solution of β-HCH was prepared at 1 g/L 

dissolving β-HCH powder in pure acetone. Impregnation of pollutant was carried out adding 

30 mg of AC in a β-HCH solution at concentration of 7 mg/L, to ensure a maximal 

adsorption. Once equilibrium was reached, the contaminated ACs were filtered and then dried 

at room temperature in a desiccator for 48h. Temperature programmed desorption (TPD-MS) 

was carried out in a vacuum device equipped with a line-of-slight detection quadrupole mass 

spectrometer53-54. TPD-MS tests were conducted with about 10 mg of each AC, before and 

after contamination by β-HCH. The acquisition of mass was done in a mass range of 1-200 

units. To allow a precise quantification of desorbed gas, calibration of material was first made 

using four standard gases: H2 (m/z = 2), CO (m/z = 28), CO2 (m/z = 44) and H2O (m/z = 18). 

The total pressure of the gas release during the heat treatment was measured as a function of 

the temperature. It was compared to the sum of the partial pressures of analyzed gases to 

allow a precise mass balance. 

2.8. Molecular modeling of β-HCH interactions with surface functional groups of AC 

In order to gain further understanding of the underlying interactions driving the adsorption 

process of β-HCH onto AC, several theoretical calculations with the modified Multiple 

Minima Hypersurface (MMH) methodology55-56 were applied. This methodology allows 

exploring the interactions space of β-HCH with the functional surface groups of the AC 

(graphene, hydroxyl and carboxyl). This method combines quantum mechanical methods for 

the calculations of energy with statistical thermodynamics to obtain thermodynamic quantities 

related to the molecular association process. The AC is simulated by a simplified model: 

coronene without any surface group (graphene) and with different surface functional groups 

(hydroxyl and carboxyl). This model for AC does not take into account morphological or 
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topological characteristics of the AC, but it focuses on surface group interaction with 

adsorbate. The chemical changes produced in the functional groups at different pH were also 

taken into account. Since adsorption of HCH occurs from aqueous solution, the association 

energies for GRAPHENE/(H2O)n=0-3, OH/(H2O)n=0-3, COOH/(H2O)n=0-3, O-/(H2O)n=0-3 and 

COO-/(H2O)n=0-3 systems were calculated to be used as a reference. To study the adsorption of 

β-HCH onto AC and the influence of hydration conditions, the association energies for β-

HCH/GRAPHENE/(H2O)n=0-3, β-HCH/OH/(H2O)n=0-3, β-HCH/COOH/(H2O)n=0-3, β-HCH/O-

/(H2O)n=0-3 and β-HCH/COO-/(H2O)n=0-3 systems were calculated. The procedure explained in 

detail and all programs for processing are available on a web site55, 57. By comparison of the 

interaction energies for the surface group with water molecules or with water molecules and 

β-HCH it can be identified whether there is adsorption affinity between β-HCH and a given 

surface group. 

The individual molecular structures where optimized by semi-empirical Hamiltonian PM6-

DH2X as implemented in MOPAC201258. Then, using the program GRANADAR2, 700 non 

redundant random configurations where generated for adsorbent–adsorbate clusters (the 

functional surface group of AC is modeled as adsorbent and the adsorbate molecules are β-

HCH and/or water). Each of the initial random configurations generated was fully optimized 

with PM6-DH2X semi-empirical Hamiltonian using MOPAC2012. The results of the 

optimization process where statistically processed for calculation of the partition function and 

the thermodynamic quantities of molecular association i.e. thermodynamic association energy 

(Eassoc). Finally, by analyzing the populations of states of the optimized configurations, those 

structures that have a greater contribution to the macroscopic state of the studied system could 

be selected in order to identify the main interactions present. 
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3. Results 

3.1. Characteristics of activated carbons  

Parameters (specific surface area and pore volume) obtained for this SCB ACs have been 

extensively described in a previous paper41. The textural parameters presented have shown 

that SCB ACs were essentially mesoporous. 

Surface functional groups of ACs are very important because they determine the surface 

properties of the carbons and, hence, their ability as ion exchangers, adsorbents, catalysts and 

catalyst supports59. The contents of carbon and oxygen, total amount of acidic groups as well 

as, total amount of basic groups at the bagasse activated carbons surface are presented in 

Table 2. XPS analysis was used for evaluation of chemical bonding states and concentrations 

of the surface functional groups formed on ACs surface (Table 3). Moreover, Table 2 shows 

that total basic groups and pHPZC value decrease with increasing Xp values. The low values of 

pHPZC are consistent with highest contents of acidic groups. The C1s spectrum has been 

deconvoluted into five components with chemical shifts corresponding to: graphite type 

(284.1 – 184.4 eV), hydroxyl groups, or ether aromatic carbon (284.8 – 285.2 eV), carbonyl 

groups (285.5 – 286.1 eV), carboxyl and ester groups (286.3 – 287.6 eV) and a peak 

corresponding to π-π* transitions in the aromatic carbon (289.5 – 290.0 eV)59-60. The O1s 

spectrum was fitted to three components: C=O groups (530 – 531.6 eV), C-OH or C-O-C 

groups (532.7 – 533.3 eV) and the last peak corresponding to chemisorbed oxygen (534.8 – 

535.7 eV)60-61. The content of graphitic carbon increased with increasing Xp value.  

3.2. Adsorption isotherms 

The experimental adsorption data of β-HCH on the studied activated carbons at 298 K are 

plotted in Figure 1. The average relative error of the measured concentrations in the liquid 

phase was less than 5 % in all cases. The adsorption isotherm curves obtained for adsorption 
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of β-HCH on BagP0.5 and BagP1 are concave and reach a strict plateau. These curves 

correspond to a H-type isotherm62 which is a limit form of the L-type isotherm (Figure 1). On 

the other hand, a sigmoidal curve with a point of inflection classified as a S-type isotherm was 

obtained for adsorption of β-HCH on BagP1.5 (Figure 1)63.  

Table 4 summarizes the results of the nonlinear regression analysis of the models evaluated in 

this work. In general, the agreement of the models with the experimental data is good as Fcalc 

values show. The Fcalc values obtained were larger for the regression of the Fowler-

Guggenheim/Jovanovic-Freundlich and Fowler isotherm models than for the others studied. 

For Fowler-Guggenheim/Jovanovic-Freundlich model the average standard error of 

estimation was in the range of 4.4-7.8 %. Figure 1 shows the comparison between 

experimental adsorption data and values calculated using Fowler-Guggenheim/Jovanovic-

Freundlich equation. 

The high absolute values of χ, in both Fowler and Fowler-Guggenheim/Jovanovic-Freundlich 

equations, shows the importance of adsorbate-adsorbate interactions in the sorption process. 

Regarding the surface heterogeneity, it can be observed that the parameter ν in Freundlich, 

Jovanovic-Freundlich and Fowler-Guggenheim/Jovanovic-Freundlich models is different to 

unity for all supports. When the heterogeneity parameter is equal to unity, adsorption takes 

place on homogeneous surface. Then, as it can be expected, the ACs studied here have 

strongly heterogeneous surfaces. This fact is well known, due to both their pore size 

distribution and the presence of different functional groups on their surface64-65. It is thus not 

surprising that idealized models like Langmuir do not fit well the data for all investigated 

ACs, although Langmuir equation is still often used to analyze adsorption isotherms on such 

material. Moreover, the presence of several functional groups in the adsorbate molecule has 

been reported to diversify the interactions with activated carbon sites and thus to increase 

energy dispersion65. 
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Even if the Fowler-Guggenheim/Jovanovic-Freundlich model describes pretty well the 

adsorption of β-HCH on BagP1.5, for describing this isotherm data the multilayer Langmuir 

model (MLM) was also used. This equation, based on the insertion of a constant a which 

represents the concentration on the x axis necessary to shift a Langmuir shaped isotherm that 

match part of the S type isotherm (Table 4), enables the estimation of qs for each site.  

The MLM gives a good agreement to the experimental data obtained with an Fcal value of 

146.7 and an average error of estimation of 4.1% for the adsorption isotherm of β-HCH on 

BagP1.5 (Table 4). The S isotherm shape may be due to strong competition of the solvent 

molecules for the acidic surface sites and to moderate intermolecular interaction between the 

β-HCH molecules, but this last result also suggests that β-HCH adsorption on the BagP1.5 

sample involves two adsorption sites. β-HCH molecules might have a lower affinity for the 

AC surface at low concentration and as the concentration of β-HCH increases, adsorption 

becomes easier.  

3.3. Influence of textural and chemical properties of the ACs on β-HCH adsorption 

The isotherms show that adsorption capacity increases with increasing acidic surface groups 

of the AC (Figure 4) and with increasing surface area (Table 4). It has been reported that the 

surface chemistry of the AC has to be considered an important factor in the adsorption 

mechanism of organics from diluted aqueous solutions67-68. 

Several works have been conducted in order to elucidate the adsorption mechanism of many 

molecules on different ACs. Those publications reveal that adsorption of organic molecules 

from dilute aqueous solutions on carbon materials is a complex interplay between electrostatic 

and non-electrostatic interactions and that both interactions depend on the characteristics of 

the adsorbent and adsorbate, as well as the solution chemical properties67. In the present work, 

Page 13 of 41 RSC Advances



a theoretical approach used in order to elucidate the nature of β-HCH interaction with surface 

groups is discussed below.  

The ACs prepared here contained significant amounts of both large micropores and 

mesopores and a mean pore diameter between 1.9 and 4.2 nm41. The pores are probably easily 

accessible to the sorbate molecule, according to the distance between the two farthest chlorine 

atoms, 6.23 Å, for the β-HCH molecule as depicted in Figure 2, and the mean pore diameter ≥ 

1.9 nm. It is interesting to check the surface properties favoring the adsorption of a given 

molecule. Figure 2a shows clearly a linear increase of adsorption capacity of β-HCH on the 

ACs samples prepared by chemical activation with the amount of total acidic groups while the 

presence of hydroxyl groups may be detrimental to β-HCH adsorption (Figure 2b). No 

specific correlation with the amount of graphitic, carbonyl or ether groups was found. This 

correlation between the surface groups content and the adsorption capacity is in qualitative 

agreement with the theoretical prediction that at neutral or slightly acidic pH only carboxylic 

surface groups will favor the adsorption of β-HCH due to electrostatically driven interactions, 

as it will be discussed later. 

On the other side, it is interesting to analyze the S form of BagP1.5 isotherm. The adsorption 

mechanism on BagP1.5 surface may involve first electrostatic interactions between the 

negatively charged oxygens of carboxylate surface groups and the axial protons of β-HCH 

followed to progressive association between the β-HCH molecules on the surface, giving a 

multilayer adsorption mechanism. This hypothesis is in agreement with the study of Lodge 

and Egyepong69, showing that self-association of β-HCH molecules occurred in aqueous 

phase. This result is reinforced by the higher mean pore diameter of BagP1.5 (4.21 nm), the 

dimensions of β-HCH molecule (Figure 3) and the all-equatorial arrangement of chlorine 

atoms on the cyclohexane ring allowing packing of the β-HCH molecules.  

3.4. TPD-MS study of interaction between ββββ-HCH and ACs surface 
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TPD-MS profiles of raw and contaminated ACs were compared in order to understand 

interactions between the AC surface and β-HCH molecule. Total pressure, corresponding to 

the sum of all gases desorbed onto β-HCH contaminated ACs during the increasing of 

temperature, is compared to calculated pressure, which corresponds only to the sum of 

calibrated gases (H2, H2O, CO and CO2). The difference between the measured and calibrated 

pressures ∆P = Pmesaured – Pcalculated corresponds to desorption of a mixture of hydrocarbons, 

that is equivalent to the decomposition of adsorbed β-HCH. For all samples (Figure 4), 

maximum of desorption is observed at lower temperature (between 100 and 400°C) what 

could be related to the presence of molecules which are weakly interacting with ACs surface.  

Figure 5 enables to compare TPD-MS profile for raw and contaminated ACs both for CO and 

CO2 desorption. For the three samples, CO curves show one peak at 200°C only for β-HCH 

contaminated ACs. Around 800°C, TPD profiles show a similarity between both samples but 

CO desorption is higher for raw ACs. Moreover, TPD curves for CO2 desorption present the 

same profile for both samples but desorption is lower for the β-HCH contaminated AC, 

especially at 200-400°C and around 800°C. From these observations, one hypothesis could be 

proposed: β-HCH molecules are associated with carboxylic groups of AC surface which 

inhibit their desorption.   

Furthermore, comparison of mass spectra of pure β-HCH, raw and contaminated ACs shows 

that mass spectrum of the pure β-HCH molecule is somewhat similar to those obtained when 

β-HCH is released from the AC surface. This would imply that β-HCH is physisorbed onto 

AC surface and no chemical bonds are formed between β-HCH and the surface. For all 

samples, desorption of HCl molecule can be observed. β-HCH is the only source of chlorine 

in contaminated material that can be attributed to its decomposition.  
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3.5 Molecular modeling of β-HCH interactions with surface functional groups of AC 

Figure 6 summarizes the energy results obtained for β-HCH adsorption onto AC without 

water and with up to 3 water molecules. For neutral OH and COOH surface groups, the 

∆Eassoc obtained in the presence of the contaminant is always higher or in the same order to 

that obtained for water molecules alone indicating lower or similar stability of the surface 

group/β-HCH complex compared to the surface group/water complex. Besides, for both 

neutral surface groups the system has similar stability with the β-HCH molecule alone or β-

HCH plus up to three water molecules. This fact could be indicating a competition between 

water molecules and β-HCH molecules for the neutral surface groups. According to this, only 

a very small fraction of the contaminant will adsorb on a surface containing neutral OH and 

COOH SGs under real (very diluted) conditions, and thus, this surface groups will not 

contribute to increase the adsorption capacity. On the other hand, for the charged species of 

both surface groups, ∆Eassoc values are considerably lower in the presence of the contaminant, 

compared to the association of the AC model with water molecules alone (Figure 6a and b). 

Moreover, the stability of the systems surface group/β-HCH is considerably higher than 

surface group/β-HCH/(H2O)n=1-3 systems (although these are still energetically favored). This 

behavior suggests that if the β-HCH molecule is associated with the surface group, the water 

molecules will not be able to compete for the adsorption sites. The behavior is similar for both 

surface groups but the COO- affinity for the contaminant seems stronger. From this analysis, 

it can be suggested that the presence of charged surface groups will enhance the adsorption of 

β-HCH. 

Additionally, Figure 6c shows the behavior of the ∆Eassoc for the graphene sheet. It can be 

seen that the clusters containing β-HCH are more stable than the GRAPHENE/(H2O)n=1-3 

clusters. Despite the higher stability of the system when including the β-HCH molecule, the 

stability of these systems is not enough to drive the adsorption process.  
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The electrostatic interactions between the negatively charged surface groups and the area of 

positive electrostatic potential covering the three axial hydrogen70 are most likely responsible 

for the adsorption process. An analysis of the distinctive minima structures, obtained for the 

systems COO-/β-HCH/(H2O)n and O-/β-HCH/(H2O)n (Figure 7), allows to conclude that 

almost all complexes show contacts between axial protons of β-HCH and negatively charged 

oxygen atoms of the surface groups. In addition to C-H···O- interactions (Figure 7 COO-/β-

HCH-a, O-/β-HCH-a), these complexes have water molecules interacting at the same time 

with negatively charged oxygen of SGs and axial protons of HCH molecules (Figure 7 COO-

/β-HCH/H2O-a, O-/β-HCH/H2O-a). The water molecules interact with β-HCH through C-

H···OH2 hydrogen bonds (Figure 7 COO-/β-HCH/H2O-a) or OH···Cl bifurcated H-bonds 

(Figure 7 COO-/β-HCH/(H2O)2-a), with the proton of water pointing to the region of negative 

electrostatic potential located between chlorine atoms. A similar bifurcated H-bond has been 

previously reported for the HF/HCH system70.  

For neutral complexes, all interactions described above for charged ones are also present, but 

structures with the β-HCH molecules directly situated above the surface group are much less 

common. Besides, interactions involving the π-cloud of the coronene derivative, such as C-

H···π mainly with axial protons (Figure 9 COOH/β-HCH/H2O-a, OH/β-HCH-a) and O-H···π 

(Figure 7 GRAPHENE/β-HCH/H2O-a) are more commonly encountered compared with 

charged complexes.  

 According to association energies, the affinity order between HCH and the surface groups is 

as follows: COO->O->COOH≈OH. 

At pH ≈ 5-7, which is most likely the case for drinking water, a rough estimation gives a 

deprotonation of OH surface groups lower than 3%, that can be neglected, while only COOH 

groups are deprotonated to a considerable extent (~90 %)71. Taking into account that COO- is 
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the only charged surface group, it is predicted that carboxylic surface groups will be the main 

contributors to enhance β-HCH adsorption onto AC at neutral or slightly acidic pH 

conditions. This theoretical prediction is in agreement with the experimental results reported 

in this paper, namely, i) the evidences of TPD-MS study, ii) a linear increase of adsorption 

capacity of β-HCH with the amount of carboxylic groups while iii) the presence of hydroxyl 

groups may be detrimental to β-HCH adsorption and iv) the fact that nonspecific correlation 

with the amount of graphitic carbon was obtained. This agreement with the experimental 

results suggests that this theoretical approach can be used to preliminary screen different 

surface groups for the adsorption of a given contaminant. 

4. Conclusion 

The adsorption isotherms of β-HCH onto three different sugar cane bagasse activated carbons 

(BagP0.5, BagP1 and BagP1.5) obtained by activation with phosphoric acid impregnation, 

has been experimentally determined. The isotherms are correlated by six models, among 

which the Fowler-Guggenheim/Jovanovic-Freundlich model found to provide the best fit for 

two of studied activated carbons (BagP0.5, BagP1) with an average relative error of 

estimation between 4.2 % and 7.8 %.  For the activated carbon BagP1.5, with a S type 

isotherm, the multilayer-Langmuir model was more adequate for describing the adsorption 

data of β-HCH with an average relative error of estimation of 4.1 %. Preliminary studies have 

been conducted in order to evaluate the differences in the surface chemistry of all activated 

carbons. For the samples prepared by chemical activation, a linear increase of adsorption 

capacity of β-HCH with the BET surface area and the amount of carboxylic groups was 

obtained, whereas, hydroxyl groups are detrimental to β-HCH adsorption, being these results 

in a fair qualitative agreement with the TPD-MS experimental evidences and with theoretical 

predictions from molecular simulations. Increasing the amount of acidic groups on the surface 
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by using high impregnation ratio, may increase β-HCH adsorption, nevertheless it may lead to 

an important increase of the mean pore diameter, that may reduce the surface area of the 

carbon and be detrimental for adsorption.  No correlation with mesoporous, microporous 

volume, other oxygenated functionalities content or the graphitic carbon content was found. 

The analysis of the most representative structures obtained in the molecular modeling study 

allows the elucidation of the main interactions present between the surface groups and the β-

HCH molecules, shedding some light upon the adsorption mechanism. These results reveal 

that the adsorption process of β-HCH on the highly acidic ACs might involve binding of the 

axial hydrogen atoms of β-HCH to deprotonated carboxylic groups through mainly 

electrostatic interactions. The adsorption mechanism on the most acidic sample, BagP1.5, 

might involve first H-bonding between the axial hydrogen atoms of β-HCH and the 

negatively charged acidic groups at the AC surface followed by progressive association 

between the β-HCH molecules. Future study to optimize β-HCH adsorption will focus on the 

modification of the carbon surface by creating carboxylic groups without, enlargement of the 

micropores. 
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Figure captions 

Figure 1: Adsorption isotherm of β-HCH onto three sugarcane activated carbons at 298 K. 

Figure 2: Comparison between experimental adsorption isotherms of β-HCH (symbols) and 

calculated values (lines) for different sugar cane bagasse activated carbons at 25°C. For 

BagP0.5 and BagP1 the best fit was obtained for Fowler-Guggenheim/Jovanovic-Freundlich 

model. For BagP1.5 the multilayer Langmuir model was used. qe is the amount of adsorbate 

adsorbed at equilibrium per unit amount of adsorbent (µg/mg) and Ce is the concentration of 

adsorbate in aqueous phase at equilibrium (µg/L). 

Figure 3: Structure of β-HCH molecule. Calculated critical dimensions: x = 6.23 Å, y = 5.62 

Å and y = 3.67 Å. 

Figure 4 : β-HCH adsorption capacity plotted against percentage of surface groups : a) acidic 

groups    b) hydroxyl groups 

Figure 5: Difference between the measured and calculated pressures ∆P = Pcalculated – Pmeseaured 

obtained during TPD–MS experiments for (▲) BagP0.5, (♦) BagP1 and (●) BagP1,5. 

Figure  6: Temperature programmed desorption profiles for raw and β-HCH contaminated 

sugarcane activated carbons: BagP0,5, BagP1 and BagP1,5. 

Figure 7: Thermodynamic association energy (∆Eassoc) for the systems surface group/(H2O)n=0-

3 and surface group/β-HCH/(H2O)n=0-3 including the charged forms of surface groups: a) 

carboxylic and carboxylate surface groups; b) hydroxyl and hydroxylate surface groups; c) 

graphene sheet. 
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Figure 8: Some representative minima structure illustrating the main interactions between β-

HCH, surface groups in either charged or neutral form and water molecules. 

Page 27 of 41 RSC Advances



28 

 

 1 

 2 

 3 

Page 28 of 41RSC Advances



Figure 1. Comparison between experimental adsorption isotherms of β-HCH (symbols) and calculated 

values by Fowler-Guggenheim/Jovanovic-Freundlich equation (lines) for different sugarcane bagasse 

activated carbons at 25°C. 
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Figure 2: Influence of chemical properties of activated carbons onto β-HCH adsorption. Influence of (a) 

percentage of acidic groups and (b) hydroxyls groups onto adsorption capacity. 

 

a) b) 
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Figure 3: Structure of β-HCH molecule. Calculated critical dimensions:   x = 6.23 Å, y = 5.62 Å and z = 

3.67 Å. 
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Figure 4. Difference between the measured and calculated pressures ∆P = Pcalculated – Pmeseaured obtained 

during TPD–MS experiments for (▲) BagP0.5, (♦) BagP1 and (●) BagP1,5. 
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Figure 5. Temperature programmed desorption profiles for raw and β-HCH contaminated sugarcane 

activated carbons. 
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Figure 6. Thermodynamic association energy (∆Eassoc) for the systems surface group/(H2O)n=0-3 and surface 

group/β-HCH/(H2O)n=0-3 including the charged forms of surface groups: a) carboxylic and carboxylate 

surface groups; b) hydroxyl and hydroxylate surface groups; c) graphene sheet. 
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Figure 7. Some representative minima structure illustrating the main interactions between β-HCH, surface 

groups in either charged or neutral form and water molecules. 
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Table 1: Adsorption isotherm models 

Model Equation* 

Langmuir ( )eese KcKcqq += 1/  

Fowler ( )e

qq

ese KceKcqq se += − /
/

χ
 

Freundlich ν
ee Kcq =  

Jovanovic-Freundlich ( )
)1(

ν
eKc

se eqq
−−=  

Fowler-Guggenheim/Jovanovic-Freundlich 
)1(

/
νχ





−

−=
sqeq

eeKc

se eqq  

Multilayer Langmuir ( ) ( )))(1/)(()1/( 222111 acKacKqcKcKqq eeseese −+−++=  

 

*qe is the amount of adsorbate adsorbed at equilibrium per unit amount of adsorbent, qs is the monolayer capacity, Ce is the concentration of 

adsorbate in aqueous phase at equilibrium, χ is the adsorbate-adsorbate interaction parameter,ν is the heterogeneity parameter, K and a are other 

parameters. 
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Table 2: Chemical characteristics of sugar cane bagasse activated carbons obtained by XPS, and Boëhm titration. 

 

 

Sample 

Composition (%) Acidic  

groups 

(meq/g) 

Basic 

goups 

(meq/g) 

pHPZC 
C O O/C 

BagP0.5 87.06 9.06 0.10 1.755 0.250 3.83 

BagP1.1 87.71 9.05 0.10 2.025 0.187 3.79 

BagP1.5     88.88 7.92 0.09 2.227 0.062 3.52 
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Table 3: Surface functional groups of sugar cane bagasse AC obtained by XPS 

 

 

 % Functional groups from   C1s  spectra % Functional groups from  O1s  spectra deO1s 

Sample 
Graphitic 

284.1 – 284.4 eV 

Hydroxyl 

284.8 – 285.2 eV 

Carbonyl 

285.5 – 

286.1 eV 

Carboxyl 

286.3 – 

287.6 eV 

π-π* 

289.5 – 290.0 

eV 

C=O 

530 – 531.6 

eV 

C-OH or C-O-C 

532.7 – 533.3 

eV 

chimiosorbed

Oxygen 

534.8 – 535.7 

eV 

BagP0.5 55.92 18.91 14.43 5.87 4.87 22.40 47.04 25.05 

BagP1 56.32 14.89 14.52 7.67 6.61 21.23 51.67 23.52 

BagP1.5 
66.25 12.43 8.60 6.78           5.94 34.69 43.35 21.97 
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Table 4 : Isotherm model parameters (along with 95% confidence intervals) and goodness of 

fit.  

Model and parameters* 

 BagP0.5 BagP1 BagP1.5 

1.- Langmuir    

qs, µg/mgAC 83.2±4.7 108.2±8.3 93.9±6.4 

K, L/µg 0.0019±0.0001 0.0031±0.0002 0.00091±0.00007 

ASEE 31.6 18.2 20.1 

Fcalc 5.2 15.1 6.0 

2.- Fowler    

qs, µg/mgAC 69.3±4.3 95.8±5.9 89.5±6.2 

K, L/µg 0.00015±0.00002 0.0011±0.0003 0.00028±0.00004 

χ 5.83±0.38 2.83±0.17 2.03±0.16 

ASEE 11.0 12.5 30.3 

Fcalc 84.9 46.2 7.1 

3.- Freundlich    

K, µg
1-ν

L
ν
 mgAC

-1 
4.60±0.27 5.24±0.39 1.11±0.08 

ν 0.34±0.04 0.38±0.04 0.52±0.09 

ASEE 44.0 30.6 15.0 

Fcalc 4.1 9.5 6.9 

4.- Jovanovic-Freundlich    

qs, µg/mgAC 71.6±5.1 95.7±6.3 93.6±4.6 

K, L/µg 0.0016±0.0002 0.0025±0.0003 0.0005±0.00012 

ν 0.93±0.07 1.01±0.08 0.71±0.05 

ASEE 28.8 18.4 13.6 

Fcalc 4.6 14.1 5.5 

  5.- Fowler-Guggenheim/Jovanovic-Freundlich 

qs,µg/mgAC 68.5±5.4 94.8±5.9 98.9±6.1 

 

K, L/µg 

0.000025±0.000003 

 

0.000061± 

0.000013 

 

0.000011± 

0.000002 
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χ 

 

7.73±0.38 

 

6.20±0.43 

 

5.80±0.47 

ν 0.46±0.04 0.41±0.03 0.30±0.01 

ASEE 4.2 7.5 7.8 

Fcalc 156.8 76.8 39.4 

6.- MultilayerLangmuir    

qs1, µg/mgAC - - 50.3±2.1 

K1, L/µg 
- - 

0.0032±0 .
0002 

qs2, µg/mgAC - - 94.6±4.6 

K2, L/µg 
- - 

0.030±0.0
024 

a, µg/L - - 2838±78 

ASEE - - 4.1 

Fcalc - - 146.7 

  

 

*qs is the monolayer capacity, χ is the adsorbate-adsorbate interaction parameter, ν is the 

heterogeneity parameter, K and a are other parameters, ASEE is the Average Standard Error 

of Estimation, Fcal is the calculated Fisher parameter. 
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