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Abstract 1 

This study aims to develop a sustainable and low-cost activated carbon (AC) from wood 2 

charcoal to improve the removal of persistent micropollutants, such as pesticides, drug 3 

residues, and per- and polyfluoroalkyl substances (PFAS), from drinking water. The AC was 4 

produced through physical activation using steam in a rotary furnace, with activation 5 

temperatures ranging from 850 to 900 °C and times varying from 1 to 2.5 hours. The textural 6 

properties, adsorption kinetics, equilibrium behaviour, and potential adsorption mechanisms 7 

of the AC were thoroughly investigated. N2 adsorption isotherms revealed a transition from 8 

microporous to mesoporous structures as both activation time and temperature increased, 9 

resulting in BET areas between 600 and 1380 m²/g. Among the produced ACs, one was 10 

selected for its outstanding performance in removing micropollutants, demonstrating rapid 11 

adsorption kinetics even at low AC doses and high pollutant concentrations. The adsorption 12 

kinetics were well described by a model suggesting fractal adsorption behaviour, while 13 

isotherms indicated multilayer adsorption for certain micropollutants, with additional models 14 

providing insights into molecular aggregation and anchoring geometry. This AC exhibited 15 

unprecedented efficiency in removing micropollutants, particularly PFAS, reaching 1977, 670 16 

and 3135 mg/g for perfluorooctanoic acid, perfluorooctanesulfonic and perfluorohexanoic 17 

acid, respectively, and outperformed commercial ACs due to its optimized mesoporous 18 

structure. 19 

 20 

 21 

Keywords: Persistent micropollutants removal; PFAS; Drugs; Pesticides; Sustainable 22 

activated carbon. 23 

  24 
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1. Introduction 1 

The use of organic chemicals in municipal, industrial, and agricultural activities has 2 

surged, leading to the proliferation of persistent organic pollutants (POPs) as defined by the 3 

Stockholm Convention [1]. These include drug residues, pesticides and their metabolites, as 4 

well as so-called "eternal" micropollutants like PFAS (per- and polyfluoroalkyl substances). 5 

PFAS have recently sparked significant controversy and are now the focus of European 6 

legislation aimed at banning them. In addition, the repeated discovery of atrazine (ATZ), its 7 

metabolites (desethyl atrazine (DEA)) and, several other pesticides in tap water is a cause 8 

for concern, despite bans for years [2]. Similarly, PFAS molecules are still found in water 9 

even after production and use bans imposed in 2009 (perfluorooctanesulfonic acid: PFOS), 10 

2020 (perfluorooctanoic acid: PFOA) and 2022 (perfluorohexanoic acid: PFHxA) [3-7]. 11 

Drug residues such as paracetamol (PARA), carbamazepine (CBZ), ciprofloxacin (CIP), and 12 

17 -estradiol (17 BE) are increasingly detected in water at concentrations up to 100 µg/L 13 

[6,8-12]. Many of these chemicals and their metabolites are toxic or carcinogenic to humans 14 

[13-25]. The International Agency for Research on Cancer has thus classified PFOS and 15 

PFOA as “possibly carcinogenic” and “carcinogenic to humans”, respectively [26]. 16 

The presence of these chemicals in water has led to advanced treatment processes aimed to 17 

reduce their concentration to meet European Water Directive [27]. However, these processes 18 

must be evaluated and optimized for technical and economic feasibility in drinking water 19 

production. Activated carbon (AC) is widely used for its effectiveness in removing organic 20 

micropollutants, thanks to its high adsorption capacity and ability to regenerate [28-34]. These 21 

advantages make AC more sustainable and cost-effective than other methods, such as 22 

exchange resins, membrane filtration (microfiltration, ultrafiltration, nanofiltration and reverse 23 

osmosis), oxidation (advanced oxidation, ultraviolet irradiation and electrodialysis). [34-39]. 24 
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To guarantee effective water purification, selecting the appropriate AC requires careful 1 

consideration of several factors. Our recent study [23] identified that the optimal AC should 2 

possess a high BET area (> 1000 m
2
/g), 65-80% microporosity and 20-35% mesoporosity. Yet, 3 

suitable surface functional groups are also required: nitriles, pyridines and amides for PFAS 4 

removal; carbonyl, phenolic, lactone, quinone and amine groups for drug adsorption; basic 5 

oxygen (e.g. pyrones) and amine groups for DEA and ATZ removal; and hydrophobic (e.g. 6 

alkyl) and electrophilic (e.g. carboxylic acid, phenol groups.) for metolachlor ethanesulfonic 7 

acid (MET ESA) removal. 8 

With evolving regulations requiring lower micropollutant concentrations and the 9 

extensive use of mineral or imported plant-based ACs, research into eco-friendly AC 10 

production is essential. Recent studies have explored biomass-based ACs from materials 11 

such as pecan nutshells, oil palm shells, English nutshells, apple waste, artichoke leaves, 12 

pomegranate peels. [31,40-44]. Sustainable activated carbons can also be produced from 13 

waste products such as chitosan flakes [45], oil palm ash [46], rattan hydrochar [47], karanj 14 

fruit hulls [48], chitin [49], chitosan/sepiolite composites [50], zeolite/chitosan composites 15 

from oil palm ash [51,52] for the removal of pollutant dyes (methylene blue, reactive orange 16 

16 and acid blue 29) and antibiotics (tetracycline and cephalexin). Optimizing AC production 17 

and adsorption mechanisms can enhance selectivity for targeted micropollutants. AC 18 

selectivity can also be improved by functionalizing its surface, i.e., creating surface 19 

functions that enable it to bind these micropollutants more effectively [53-59]. For instance, 20 

the addition of a cationic polymer (poly diallyldimethylammonium chloride) to commercial 21 

AC Filtrasorb 400 increased PFOS adsorption capacities from 165 mg/g to 270 mg/g [53]. 22 

This study aims to develop a sustainable and cost-effective activated carbon (AC) from 23 

hardwood charcoal industrially produced by Groupe Bordet using physical activation to 24 

improve the removal of a wide range of micropollutants from water, including pesticides 25 
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(ATZ, DEA and MET ESA), pharmaceuticals (PARA, CBZ, CIP and 17 BE) and PFAS 1 

(PFOS, PFOA and PFHxA), unlike other activated carbons. These molecules were selected 2 

based on our study published in August 2024 [23], which demonstrates their presence in tap 3 

water. The study examines the AC’s physicochemical properties, adsorption kinetics, 4 

equilibrium behavior and potential adsorption mechanisms using classical and stochastic 5 

fractal models based on statistical physics formalism. Comparative analyses with commercial 6 

ACs provided benchmarks to evaluate its performance and competitiveness. 7 

2. Material and methods 8 

2.1. Activated carbon precursor and chemicals used 9 

The activated carbon (AC) used in this study was derived from Groupe Bordet’s vegetable 10 

carbon, produced by slow and continuous wood pyrolysis. The process involves the pyrolysis 11 

of hardwood at 600 °C for 12 h in a closed circuit, in which tars and gases are recycled to a 12 

burner ensuring the energy self-sufficiency of the entire system. Complete by-product 13 

extraction and continuous production guarantee the high purity of Groupe Bordet’s vegetable 14 

charcoal. 15 

Micropollutants used for adsorption testing included pesticides (ATZ, DEA and MET 16 

ESA), pharmaceuticals (PARA, CBZ, CIP and 17 BE), and PFAS (PFOS, PFOA and 17 

PFHxA). Except for PFHxA, which was purchased from Sigma-Aldrich, all other molecules 18 

were purchased from VWR with a purity of over 96%. The physicochemical characteristics of 19 

these micropollutants and their effects on human health have been summarized elsewhere 20 

[23]. 21 

2.2. Activated carbon synthesis 22 

Physical activation with steam was carried out using a horizontal rotary tube furnace 23 

(CARBOLITE TSO 11/800). For that purpose, 200 g of Groupe Bordet’s vegetable charcoal 24 

with a particle size of 3-8 mm was transferred to a quartz reactor placed in the furnace, then 25 
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purged with high-purity nitrogen (99.99%) at a flow rate of 300 mL/min for 1 hour at room 1 

temperature. The activation occurred in two steps: (a) heating at 5 °C/min from room 2 

temperature to 850 or 900 °C; and (b) maintaining the temperature and injecting water at a 3 

rate of 6 mL/min for different activation times (0.5, 1, 1.5, 2 or 2.5 hours). Throughout the 4 

activation process, the vegetable charcoal was stirred in the quartz reactor by rotation at 6 5 

rpm. The furnace was then cooled under a nitrogen flow of 300 mL/min. The ACs were 6 

labeled ACT-t, where "T" stands for activation temperature (°C) and "t" for activation time 7 

(h). For instance, AC850°C-2h represents the charcoal activated at 850 °C for 2h. 8 

2.3. Activated carbon characterization 9 

The ACs produced were then characterized to determine their physicochemical 10 

characteristics. Textural properties were determined by performing nitrogen adsorption-11 

desorption isotherms at -196 °C using an ASAP 2020 Micromeritics automatic device. The 12 

BET (Brunauer-Emmett-Teller) model was applied to the nitrogen adsorption isotherms to 13 

calculate the BET area, ABET [60]. Pore size distribution (PSD, for micropores and mesopores) 14 

was determined by application of the non-local density functional theory (NLDFT) using 15 

SAIEUS® software. In addition, total pore volume (Vtot), micropore volume (Vmic), and 16 

mesopore volume (Vmes) were calculated by integrating the PSD over the entire pore size 17 

range, with mesopore volume deduced from the difference between Vtot and Vmic [61-64]. 18 

The pH drift method was applied to determine the pH of the point of zero-charge (pHPZC), 19 

which indicates the pH at which the surface of an activated carbon is neutral. This method 20 

involves the preparation of 0.01 M NaCl solutions, adjusted to different pH values, followed 21 

by measurement of the final pH after 48 hours of stirring using a Metrohm pH meter. The 22 

pHPZC was identified as the point of intersection of the initial versus final pH curves [65]. 23 

The amount and nature of surface functional groups were also determined by 24 

potentiometric titration using an automatic titrator (905 Titrando, Metrohm controlled with 25 
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tiamo® software V2.2). Details of the method are described elsewhere [66]. Briefly, 0.1 g of 1 

AC was placed in 50 mL of 0.01 M NaNO3 solution. 1 mL of 1 M HCl was then added to the 2 

solution. The mixture was stirred for 24 h and titrated with 0.1 M NaOH under N2 flow at 3 

saturation. The number of proton-binding functional groups was evaluated, allowing the total 4 

surface charge σ (mmol/g) to be calculated. From this information, the number of groups with 5 

pKa values in selected ranges was used to determine the type and amount of surface functions 6 

[67,68]. The pKa distribution was determined using the SAIEUS® numerical calculation. 7 

AC elemental composition (C, H, O, N and S) was determined using a vario EL Cube 8 

(Elementar, Germany) elemental analyzer. Ash, moisture, fixed carbon and volatile matter 9 

contents were determined by thermogravimetric analysis (STA 449F3 Jupiter microbalance, 10 

Netzsch) in an inert atmosphere using argon gas. The moisture content was calculated based 11 

on mass loss at 105 °C after a heating at 4 °C/min from room temperature and a 1 h isotherm. 12 

The temperature was then increased at 10 °C/min to 900 °C, and volatile matter was 13 

calculated by mass loss after a 30-min isotherm. The ash content was assessed by air injection 14 

at 900 °C for 30 minutes. 15 

2.4. Adsorption tests 16 

2.4.1. Experimental details 17 

Batch experiments were conducted to study the adsorption kinetics and isotherms of the 18 

aforementioned micropollutants on activated carbon. To assess adsorption kinetics, solutions 19 

containing micropollutants at defined concentrations were stirred in the presence of a known 20 

dose (AC mass / volume of micropollutant solution). At defined time intervals, samples were 21 

collected for analysis using an appropriate detection technique. The initial concentrations, AC 22 

doses, and analytical methods used are summarized in Table 1. The HPLC, UPLC/MS/MS 23 

and UV-Vis spectroscopy methods applied are detailed in Section VI of the Supplementary 24 
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Information (SI). A diagram of the experimental set-up in Figure SI 6 summarizes the steps 1 

followed. 2 

Adsorption isotherms were determined by mixing a mass of AC in a volume of solution 3 

containing micropollutants at different initial concentrations (see Table 1). After 24 hours, 4 

residual concentrations were measured using appropriate analytical techniques (see Table 1). 5 

The amount of micropollutants adsorbed at time t, qt (mg/g), and removal, R (%), were 6 

calculated as follows: 7 

   
     

 
            Equation 1 8 

     
     

  
             Equation 2 9 

where Ci, Cf and Ct (mg/L) are initial, final and the concentrations at time t, respectively, V 10 

(L) is the volume of the micropollutant solution, and m (g) is the mass of AC.  11 

A comparison of atrazine (ATZ) adsorption on the synthesized AC at different initial 12 

concentrations (1-10 mg/L) and for different contact times (1-24 h) was carried out using a 13 

mineral AC produced by Calgon Carbon from bituminous coal, called Filtrasorb 300 (F300), 14 

and a coconut-based activated carbon used in Brita filters, here referred to as Brita AC [69]. 15 

Table 1: Different parameters used for adsorption tests. 16 

Pollutant 

Kinetic parameters Isotherm parameters 

Analytical techniques 

Ci (mg/L) Dose (g AC/L) Ci (mg/L) Dose (g AC/L) 

ATZ 9.93 1 1-30 0.2 
UV-Vis spectrophotometer, 

 = 222 nm 

DEA 0.55-31.21 0.2 0.5-30 0.2 
UV-Vis spectrophotometer, 

 = 214 nm  

MET ESA 6.59 0.2 1-100 0.2 UPLC/MS/MS 

PARA 96.87 0.2 1-500 0.2 
UV-Vis spectrophotometer, 

 = 243 nm 

CBZ 1.01-15.81 0.2 1-16 0.2 
UV-Vis spectrophotometer, 

 = 285 nm 
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CIP 1.28-113.68 0.2 1-100 0.2 
UV-Vis spectrophotometer, 

 = 272 nm  

17 BE 2.04 0.05 0.05-3 0.05 HPLC 

PFOS 4.80 0.2 5-400 0.2 UPLC/MS/MS 

PFOA 5.10 1 5-500 0.2 UPLC/MS/MS 

PFHxA 15.80 0.2 10-1000 0.2 UPLC/MS/MS 

 1 

2.4.2. Kinetic modeling 2 

Experimental kinetic data were fitted by classical kinetics models such as the Lagergren 3 

model [70] (pseudo-first order (PFO) model) and the Ho and Mckay model [71] (pseudo-4 

second order (PSO) model). These two models are described by the following equations, 5 

respectively: 6 

                            Equation 3 7 

   
    
      

             
         Equation 4 8 

where k1 (1/min) and k2 (g/mg/min) represent the rate constants, and qe,1 (mg/g) and qe,2 9 

(mg/g) represent the equilibrium adsorption quantities of the PFO and PSO models, 10 

respectively. 11 

A fractal model based on statistical physics, known as Brouers-Sotolongo fractal (BSf) 12 

model [72] model was also applied. This model is described as follows: 13 

                          
 

    
 
 

 

  

     
 

     Equation 5 14 

where qeBSf (mg/g), n,      (min) and α represent respectively the equilibrium adsorption 15 

amount (mg/g), the non-integer reaction order, the estimated characteristic time to reach 16 

equilibrium (min), and the fractional time of adsorption reaction giving information on 17 

surface fractal nature and heterogeneity. Further details on the physical significance of these 18 

parameters are available elsewhere [73]. 19 
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2.4.3. Isotherm modeling 1 

Micropollutant adsorption data obtained at equilibrium were studied using the classical 2 

isotherm models of Freundlich [74] and Langmuir [75]: 3 

          
 
   

         Equation 6 4 

    
            

      
         Equation 7 5 

where nF and KF (mg/g)(L/mg)
1/nF

 represent the Freundlich model constants, indicating 6 

adsorption affinity and adsorption capacity, respectively. KL (L/mg) and qe max,L (mg/g) are the 7 

Langmuir constant and the maximum adsorption capacity estimated by the Langmuir model, 8 

respectively. 9 

The stochastic model known as General Brouers-Sotolongo (GBS) [76,77] model was also 10 

applied to describe the micropollutant isotherm data. It is described by the following equation: 11 

                          
  

 
 
 

 
    

      Equation 8 12 

where qe max,GBS is the maximum adsorption capacity estimated by GBS model, a is the 13 

measure of the surface energy heterogeneity, b is related to the equilibrium concentration and 14 

can therefore be used to predict adsorbed amount at equilibrium, and c is correlated to the 15 

fractal distribution of pores or the aggregation and clustering of adsorbent particles. The 16 

physical meaning of these parameters is detailed elsewhere [73], and the rationale for 17 

applying the BSf and GBS models to adsorption kinetics and isotherms, respectively, is 18 

provided in section VII of the Supplementary Information (SI). 19 

Models derived from statistical physics have also been applied to study the micropollutant 20 

adsorption isotherms. Here, we have chosen a model capable of describing monolayer 21 

adsorption with two sites of different adsorption energies (MLM2E) and a model capable of 22 

describing bilayer adsorption with two sites of different adsorption energy (DLM2E) [78,79]. 23 

These models have been described by the following equations, respectively: 24 
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         Equation 9 1 

with ni is the number of molecules adsorbed per adsorption site and Di (mg/g) is the density of 2 

these active adsorption sites. C1 and C2 (mg/L) are the half-saturation concentrations for the 3 

first and second adsorption sites, respectively.               and               are the 4 

maximum adsorption capacity of the first and second adsorption sites, respectively. The total 5 

maximum adsorption capacity predicted by MLM2E,              , is equal to          6 

        : 7 

           
 
  
    

 
 

   
  
    

 
  

   
  
    

 
 

  
  
    

 
         Equation 10 8 

where n and D have the same meaning as above, and C01 and C02 are the half-saturation 9 

concentrations for the first and second layers, respectively.                  , where 2 is 10 

the number of layers, is the maximum adsorption capacity of the two adsorption layers 11 

estimated by the DLM2E model. Further details on the physical significance of the parameters 12 

of the MLM2E and DLM2E models can be found elsewhere [78-82]. 13 

The Levenberg-Marquardt iteration algorithm provided with OriginPro® 2021 software 14 

was used to determine the parameters of the kinetic and isotherm models. The higher the 15 

determination coefficient (R
2
) and the lower the fit error (χ

2
), the better the model describes 16 

the data. The parameters R
2
 and χ

2
 were calculated as detailed elsewhere [65]. 17 

3. Results and discussion 18 

3.1. Properties of the synthesized activated charcoals 19 

3.1.1. Textural properties 20 

Vegetable charcoals activated at different times and temperatures were subjected to 21 

characterization in order to identify their textural properties. Figure 1 and Figure SI 1 show 22 

the N2 adsorption-desorption isotherms at -196 °C for charcoals activated at 850 °C and 900 23 
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°C, respectively, at various activation times. To clarify the discussion, the textural properties 1 

obtained after activation at 900° C are reported in Table SI I, but the same conclusions can be 2 

drawn. 3 

The longer the activation time, the greater the volume of nitrogen adsorbed. The nitrogen 4 

isotherms show a significant adsorbed amount at low pressure, suggesting a well-developed 5 

microporosity. At a certain relative pressure (P/P° = 0.01), a plateau begins to form, with a 6 

close knee and very narrow hysteresis loops for non-activated charcoal or charcoal activated 7 

for 0.5 h. These isotherms are classified as type I(b), according to the IUPAC classification 8 

[83], indicating a purely microporous AC with a relatively small external surface area and 9 

narrow micropores (< ∼ 1 nm) [83].  10 

Beyond 0.5 h of activation, the hysteresis at P/P° = 0.4 and the knee of the isotherm start to 11 

widen, accompanied by an upward curvature that increases with activation time. This 12 

corresponds to type II isotherms according to the IUPAC classification [83]. This behavior is 13 

attributed to the progressive enlargement of micropores and the formation of mesopores. 14 

These results are confirmed by analysis of the pore size distribution (PSD) and cumulative 15 

volumes, as shown in Figure 1B and 1C, respectively, and in Figure SI 1. 16 

Vegetable charcoal carbon precursor (i.e., before activation) and AC-0.5h are 17 

predominantly microporous, with an average pore size of 0.6 nm. The peak of the micropore 18 

size distribution (dv/dw) grows until 2 h of activation at 850 °C (and 1.5 h of activation at 900 19 

°C), indicating the formation of new micropores as a function of activation time. Beyond 20 

these times, the peak begins to decrease and the distribution peaks widen towards the 21 

mesopore region, signaling the progressive transformation of an increasing portion of 22 

micropores into mesopores and macropores. For activation times of less than 2 h at 850 °C 23 

(and 1.5 h at 900 °C), the creation of micropores predominates over that of mesopores. 24 

Beyond that point, the enlargement of micropores into mesopores takes precedence over the 25 



13 

 

creation of new micropores. All these observations are clearly reflected in the variation of 1 

cumulative pore volumes as a function of activation time (Figure 1C and Figure SI 1). For 2 

pore diameters below 1 nm, the cumulative volumes increase with activation time up to 2 h at 3 

850 °C (and 1.5 h at 900 °C), after which they progressively decrease. For pore diameters 4 

greater than 2 nm, the cumulative volumes increase with activation time (with the exception 5 

of 2 h activation at 900 °C), confirming mesopore formation. For pore diameters larger than 4 6 

nm, the cumulative volumes begin to become lower after 1.5 h of activation at 900 °C (see 7 

Figure SI 1C), confirming the transformation of pores into large mesopores and macropores. 8 

Investigating the effect of several AC synthesis conditions, Kim et al. [84] found the same 9 

trend. After increasing the activation temperature from 800 to 900 °C, an optimal activation 10 

time (50 min) was found to obtain the highest values of Vtot (0.66 cm
3
/g), Vmic (0.57 cm

3
/g), 11 

Vmes (0.09 cm
3
/g) and ABET (1403 m

2
/g). 12 

Figure 1D shows the variation of ABET as a function of mass loss after activation, here 13 

referred to as burn-off (BO, %). The variation of Vtot, Vmic, and Vmes as a function of BO is 14 

illustrated in Figure SI 2 and Table SI 1. For the same activation time, the BO at 900 °C is 15 

higher than at 850 °C, indicating faster activation at higher temperature. High BET areas of 16 

1380 and 1355 m
2
/g are achieved at 850 °C and 900 °C after 2.5 and 2 h of activation, 17 

respectively. The BET area increases linearly with BO at 850 °C. However, after 2 h of 18 

activation at 900 °C, ABET increases only slightly before stabilizing (or even decreasing after 19 

this point), which may be due to the onset of material degradation and/or the transformation 20 

of micropores and mesopores into macropores, undetectable by nitrogen adsorption 21 

experiments [85]. Similar results were found by Hayrera et al. [86] when they studied the 22 

effect of activation conditions (temperature: 600, 800 or 900 °C, and time: 1, 2 or 3 h) on AC 23 

production. These authors found that increasing activation time and temperature no longer 24 

significantly increased ABET beyond 2 h and 900 °C.  25 
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Finally, the decrease in Vtot and Vmes after 2 h of activation at 900 °C confirms the 1 

transformation of micropores, formed at short activation times, into mesopores and 2 

macropores during long activation times, showing that under specific conditions (long 3 

activation times and high activation temperatures) activation can become excessive, 4 

necessitating an adjustment of parameters to meet specific objectives. These conclusions have 5 

also been drawn in several publications [87] when investigating the effect of synthesis 6 

conditions on the porous texture of AC. 7 
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Figure 1: (A) N2 adsorption-desorption isotherms; (B) pore size distributions (PSD); and (C) 10 

cumulative pore volumes of charcoal activated at 850 °C and different activation 11 

times. (D) Variation of BET area as function of burn-off after activation at 850 and 12 

900 °C. 13 
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Based on the results of the textural characterizations, we selected one AC in order to 1 

determine its properties and carry out micropollutant adsorption tests. The choice of this AC 2 

was guided by the need to meet the physicochemical characteristics required for efficient 3 

adsorption of the micropollutant under study, as detailed in a previous work [23]. In brief, the 4 

targeted physicochemical properties are as follows: ABET > 1000 m
2
/g, mesopore fraction 5 

between 25 and 35 % of total pore volume, and pHPZC above solution pH. We also considered 6 

economic factors, choosing an AC that met these criteria while offering the lowest possible 7 

activation temperature, activation time and mass loss. Given these conditions, AC850°C-2h 8 

was selected for the next steps in this study. 9 

In our adsorption tests, we compared the adsorption of ATZ with two commercial activated 10 

carbons: F300 and Brita AC. To better interpret the observed results, we carried out textural 11 

characterizations of these three ACs, allowing us to identify their impact on ATZ removal 12 

efficiency. The data obtained are summarized in Figure 2 and Table SI 5. Figure 2A shows 13 

that F300 exhibits a type Ib isotherm, characteristic of a microporous adsorbent with slightly 14 

larger micropores than those of the type Ia isotherm observed for Brita AC, which 15 

corresponds to a purely microporous activated carbon. Table SI 5 shows that Brita AC has the 16 

lowest fraction of mesopores (9%), compared with AC850°C-2h (33.5%) and F300 (26%). 17 

This is reflected in the ABET, which is 1025 m²/g for Brita AC, comparable to that of 18 

AC850°C-2h (1110 m²/g), while F300 has a slightly lower ABET (885 m²/g). As clearly shown 19 

in Figure 2B, AC850°C-2h exhibits higher mesopore and micropore volumes than the two 20 

selected commercial activated carbons. Its mesopore volume is particularly noteworthy, at 21 

0.21 cm³/g, compared to 0.04 cm³/g for Brita AC and 0.11 cm³/g for F300.  22 
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Figure 2: (A) N2 adsorption-desorption isotherm and (B) micro and mesopore volumes for 2 

AC850°C-2h compared with Brita AC and F300 commercial activated carbons. 3 

 4 

3.1.2. Chemical composition 5 

As AC850°C-2h was chosen for micropollutant adsorption tests, further characterization of 6 

chemical composition, pHPZC and functional groups was carried out to better explain and 7 

discuss its micropollutant adsorption performance. The elemental composition results were 8 

compared with those of the vegetable charcoal precursor. The results for the functional groups 9 

were compared with those of Brita AC and F300 used in the benchmarking studies in Section 10 

3.2.5. 11 

The charcoal from Groupe Bordet stands out for its exceptional purity, with a carbon 12 

content close to 90%. Its precise composition is 89.13 wt.% C, 8.09 wt.% O, 2.55 wt.% H and 13 

0.23 wt.% N. It has a moisture content of 2.24 wt.%, a volatile matter content of 8.48 wt.%, a 14 

fixed carbon content of 89.26 wt.%, and an ash content of 1.56 wt.%. This composition 15 

reflects high quality and outstanding purity, making Groupe Bordet’s charcoal particularly 16 

suitable for applications such as AC production for drinking water treatment. 17 

In comparison, AC850°C-2h charcoal exhibits distinctive characteristics. According to 18 

elemental analysis, it contains 91.83 wt.% C, 4.17 wt.% O, 0.74 wt.% H and 0.18 wt.% N. 19 
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Thermogravimetric analysis (see Figure SI 3) reveals a moisture content of 1.08 wt.% and 1 

volatile matter content of 4.04 wt.%, significantly lower than those observed for Groupe 2 

Bordet’s charcoal, as a direct result of the high-temperature activation stage. Activation 3 

considerably reduces moisture content and volatile matter by over 50%. AC850°C-2h also has 4 

a higher fixed carbon content of 94.11 wt.% and a slightly higher ash content of 1.85 wt.%, 5 

due to steam activation. 6 

Figure 3 illustrates the distribution of surface functional groups as a function of their 7 

acidity constant (pKa) for the non-activated charcoal, AC850°C-2h, as well as for the 8 

commercial activated carbons Brita AC and F300. The corresponding data, as well as the 9 

pHPZC of AC850°C-2h and F300, are given in Table SI 2. Figure 3 shows that AC850°C-2h 10 

and Brita AC have four peaks of surface functions, indicating their variety. In contrast, F300 11 

shows only two peaks, and the non-activated charcoal only one. This highlights the 12 

importance of the nature of the raw material to be activated, since AC850°C-2h and Brita AC, 13 

vegetable charcoals derived from wood and coconut, respectively, show greater functional 14 

diversity than F300, an activated bituminous coal. Selmi et al. (2018) [73] observed a similar 15 

trend by analyzing the surface functional groups of two activated carbons of plant origin 16 

(Acticarbone and Cecalite) and two activated carbons of mineral origin (F200 and F300). 17 

Their findings indicate that plant-based ACs exhibit greater diversity and abundance of 18 

surface functional groups than mineral ACs. Steam activation of Groupe Bordet’s vegetable 19 

charcoal led to the emergence of surface functions within a pKa range from 3 to 8, thus 20 

considerably enriching the material’s surface chemistry. 21 
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Figure 3: Distribution of surface functional groups as a function of pKa for the three ACs 2 

under study. 3 

Traditionally, surface functional groups located in the pKa region of 3 – 8 are 4 

predominantly carboxylic acids, while those in the pKa region of 8 – 10 are usually phenolic 5 

and quinonic functions [66,73]. The amount of surface functions in the pKa range 3 - 10 6 

represents the total of acidic functions, while the pKa region 10 - 12 corresponds to the total 7 

of basic surface functions. The pKa distributions reveal a predominance of basic functional 8 

groups, such as hydroxyl or lactol groups, on ACs. This basicity is confirmed by the high 9 

pHPZC values observed for AC850°C-2h and F300, which are 9.31 and 9.03, respectively. 10 

These values indicate that the surface of these carbons is predominantly basic, enhancing their 11 

ability to adsorb acidic compounds such as PFAS. 12 

 13 

3.2. Micropollutant adsorption 14 

3.2.1. General considerations 15 

The micropollutant adsorption kinetics, illustrated in Figure 4, can be categorized into two 16 

distinct phases. In the first phase, kinetics increase rapidly over short time intervals, mainly 17 
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due to the rapid diffusion of molecules toward the available active sites, as well as the 1 

abundance of free molecules in the solution. Subsequently, these kinetics gradually slow 2 

down until equilibrium is reached, more or less pronounced depending on the micropollutants 3 

under consideration. This slowdown is attributed to a slower diffusion of molecules towards 4 

the active sites, which become progressively less accessible, and to a reduction in the number 5 

of free molecules in solution [65]. 6 

As the initial concentration of free molecules in the solution increases, the diffusion rate of 7 

these molecules toward the AC pores also increases, leading to a greater quantity adsorbed up 8 

to a certain point. Beyond this initial concentration threshold, diffusion becomes progressively 9 

slower as the free molecules present in the solution tend to diffuse simultaneously, clogging 10 

the AC pores and slowing down the adsorption process. Consequently, the time required to 11 

reach equilibrium increases with the initial concentration. The behavior of DEA, CBZ, and 12 

CIP micropollutants adsorption kinetics (see Figure SI 4) clearly confirms this phenomenon: 13 

as the initial concentration increases, the adsorption kinetic curves at the first instants have a 14 

steeper slope, but this cannot increase indefinitely, so that they end up merging at short times. 15 

The same trend was observed when studying the adsorption of MB and MO on commercial 16 

AC [73]. 17 

The time required to reach equilibrium varies according to the type of micropollutant, the 18 

initial concentration and the dose of AC per unit volume of solution. In this study, rapid 19 

adsorption kinetics were observed. Some molecules indeed reached equilibrium in only 45 20 

min (ATZ), while others required up to 500 min (CIP). Nevertheless, high removal 21 

percentages (95 - 100%, as seen in Figure SI 5) were obtained despite the use of a low dose of 22 

AC (0.04, 0.2 and 1 g AC/L) and very high initial pollutant concentrations (a few mg/L) 23 

compared to those found in tap water (a few µg/L). Increasing the dose of AC led to higher 24 

elimination percentages and faster achievement of equilibrium. 25 
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Adsorption kinetics and capacities also depend on the molecular size of micropollutants, 1 

which varies considerably. The size of the micropollutants studied varies from 0.85 to 1.32 2 

nm in length, from 0.45 to 1.00 nm in width, and from 0.19 to 0.50 nm in height [23]. 3 

AC850°C-2h (Figure 1 B and Table SI 1) has 33.5% mesopores (2 - 50 nm) and 66.5% 4 

micropores (< 2 nm), the latter comprising 54% ultramicropores (< 0.7 nm) and 46% 5 

supermicropores (0.7 - 2 nm). These values are consistent with the dimensions of the 6 

molecules studied, suggesting that they can be adsorbed irrespective of their orientation. 7 

We will then compare classical adsorption kinetics models to determine which one best fits 8 

the data. A possible confirmation could be obtained by examining the value of the parameter n 9 

of the BSf model, which represents the non-integer order of the reaction.  10 

3.2.2. Kinetic studies 11 

The adsorption kinetics of micropollutants, studied at room temperature and neutral pH on 12 

AC850°C-2h, are shown in Figure 4A for pesticides (ATZ, DEA, ESA MET), Figure 4B for 13 

pharmaceuticals (PARA, CBZ, CIP, 17 BE) and Figure 4C for PFAS (PFOS, PFOA and 14 

PFHxA). Each curve was fitted by non-linear, PSO, PFO, and BSf models. The parameters of 15 

the corresponding kinetic models are summarized in Table SI 3. 16 

ATZ adsorption kinetics reaches equilibrium after 45 min of contact. After 60 min, ATZ is 17 

completely adsorbed, with an experimental equilibrium adsorbed amount (qe,exp) of 9.85 mg/g. 18 

This value is closer to that predicted by the PFO model (qe,1 = 9.89 mg/g) than that predicted 19 

by the PSO model (qe,2 = 10.56 mg/g). Furthermore, the R
2
 determination coefficient of the 20 

PFO model (0.9995) is significantly higher than that of the PSO model (0.9772), while the χ
2
 21 

fit error is considerably lower for the PFO model (0.005) than for the PSO model (0.232). 22 

These results underline that ATZ adsorption onto AC850°C-2h is a slow process governed by 23 

interactions with surface functions as assumed by the PFO model [70,73]. 24 
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Based on the same principle, we carried out a comparative analysis of determination 1 

coefficients and fit errors for all the micropollutants studied. The adsorption kinetics of DEA, 2 

17 BE and PFOS were found best captured by the PFO model, while the PSO model proved 3 

best suited to describe the adsorption kinetics of MET ESA, PARA, CBZ, CIP, PFOA and 4 

PFHxA. Although the determination coefficients of the PFO and PSO models did not allow us 5 

to favor one specific model, given the similarity of the R
2
 values for the different 6 

micropollutant kinetics (with the exception of MET ESA and PFHxA, clearly described by the 7 

PSO model), application of the BSf model revealed the highest R
2
 and lowest χ

2
 values. 8 

The amounts adsorbed at equilibrium predicted by the BSf model (qeBSf) were indeed 9 

found to be closest to experimental values for the various micropollutants studied. 10 

Consequently, the BSf model emerged as the most appropriate to describe adsorption kinetics 11 

on AC850°C-2h, suggesting a fractal process due to surface heterogeneities, which may be 12 

chemical and/or topological in nature. This topological heterogeneity, as revealed by the 13 

nitrogen adsorption data used to determine the PSD, manifests in various pore shapes (slits, 14 

roughly spherical, cylindrical or bottle-shaped cavities.) and pore diameters. At the same time, 15 

the presence of chemical heterogeneity stems from the multiplicity of functional groups on the 16 

surface, as confirmed by potentiometric titration. 17 

The fractional reaction time α, consistently below or close to 1, confirm the fractal nature 18 

of the micropollutant adsorption process [73,88,89]. These results are in line with previous 19 

research [65,73,89-91]. As demonstrated by Selmi et al. [92], fractality and characteristic time 20 

τc are also influenced by the initial concentration and specific nature of the molecule under 21 

study. The parameter τc, which varies as a function of the molecule, indicates the point at 22 

which adsorption kinetics start to vary slowly considering that equilibrium has been reached, 23 

or the necessary time after which kinetic equilibrium should be reached. From this data, it is 24 

possible to calculate the time required to adsorb half the initial concentration, known as τ1/2. 25 
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For example, almost 50% of ATZ molecules are adsorbed after around 13 min (see Figure SI 1 

5). This value corresponds closely to τ1/2 (ATZ), estimated at 12.9 min. Similarly, around 50% 2 

of 17 BE molecules are adsorbed after around 270 min, matching the τ1/2 value of 258.4 min 3 

(see Figure SI 5). For PFHxA molecules, about 50% are adsorbed after approximately 30 min, 4 

consistent with the estimated τ1/2 value of 26.8 min (see Figure SI 5). 5 

Direct comparison of the adsorption kinetics of the various micropollutants is not possible 6 

due to variations in adsorption conditions, in particular the initial concentrations chosen for 7 

each micropollutant. These concentrations were chosen according to various factors, such as 8 

the detection technique to be used and the solubility of the molecules. 9 

Adsorption test results show that wood-based activated charcoal is capable of effectively 10 

removing the most common micropollutants found in tap water, despite the use of high initial 11 

concentrations and low AC doses. For a more in-depth analysis, a dynamic mode adsorption 12 

test, with concentrations of the order of a few µg/L, should be considered in a future study. 13 

This approach would allow determining the efficiency of synthesized AC under realistic 14 

conditions, as well as to establish breakthrough curves and therefore determine the lifetime of 15 

the AC with respect to each micropollutant, including the cocktail effect. These conclusions 16 

could be reinforced by the study of adsorption isotherms, which would provide a more 17 

complete picture of the mechanism by which micropollutants adsorb on AC. 18 
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Figure 4: Adsorption kinetic studies of micropollutants: (A) pesticides; (B) pharmaceuticals; 1 

and (C) PFAS on AC850°C-2h, and associated non-linear fits using PSO, PSO and 2 

BSf models. 3 

3.2.3. Isotherm studies 4 

Figure 5 shows the non-linear fits of the adsorption isotherms of the micropollutants 5 

studied on AC850°C-2h using the Freundlich, Langmuir, GBS, MLM2E, and DLM2E 6 

models. Model parameter values are given in Table SI 4. A general trend was observed for all 7 

micropollutants: a significant increase in adsorption capacity with increasing equilibrium 8 

concentration, indicating the affinity between the synthesized AC and the studied 9 

micropollutants. For DEA, PARA, 17 BE, PFOS and PFOA, a clear plateau is observed once 10 

the activated carbon is saturated, while no well-defined plateau is observed in the case of 11 

ATZ, MET ESA, CBZ, CIP and PFHxA.  12 

A secondary increase in the adsorbed amount as a function of equilibrium concentration is 13 

observed for the adsorption isotherms of DEA, ESA MET, CBZ, CIP, PFOS, PFOA, and 14 

PFHxA. This can be attributed to the formation of a secondary adsorption layer due to 15 

adsorbate-adsorbate interactions, facilitating the attachment of multiple molecules per active 16 

site, along with the formation of micelles and aggregates in larger pores. This phenomenon 17 

has been reported in several studies [33,57,81,79,93-95] using various adsorbents. For 18 

instance, Sellaoui et al. [79] modified a commercial AC by chemical treatment with H2O2 and 19 

annealing at 700 °C under N2 to study the adsorption of Ibuprofen. They found that the 20 

modification increased the number of adsorption layers, suggesting that Ibuprofen molecules 21 

aggregate at one site. The sample treated with H2O2 showed a higher degree of aggregation, 22 

indicating that an oxygenated surface favors the formation of Ibuprofen aggregates. The same 23 

phenomenon of multilayer formation was observed by Hanna et al. [95] when they studied the 24 
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adsorption of various PFAS onto AC. They concluded that this adsorption involves multiple 1 

interactions between several PFAS molecules and a single active site. 2 

The low determination coefficients, R
2
, of the Freundlich model indicate its inability to 3 

perfectly describe the adsorption isotherms of micropollutants, particularly at high 4 

concentrations where it is prone to errors [96]. The Langmuir model, reliable when saturation 5 

is clear, does not describe the isotherms of the micropollutants studied due to incomplete 6 

saturation or the formation of several adsorption layers, as confirmed by the low R
2
 values 7 

(0.7967-0.9723), high χ
2
 (40.59-3.45E4), and the significant differences between the 8 

maximum experimental adsorbed amounts, qe,max,exp, and those predicted by the model. 9 

However, the GBS model seems adequate to describe most of the micropollutant isotherms 10 

studied, with high R
2
, low χ

2
 and qe,max,GBS close to qe,max,exp, indicating the stochastic nature 11 

(random sequential adsorption due to fractal geometry) of the adsorption process and thus 12 

confirming the fractal heterogeneity of the AC surface, as further evidenced by the BSf kinetic 13 

model. The GBS model constants, in particular a and c, enable the heterogeneity of the AC 14 

surface to be assessed. According to the observations of Selmi et al. [73,85,89], when a 15 

exceeds 1, as in the case of ATZ, PFOA and PFHxA adsorption, the surface exhibits 16 

pronounced topological heterogeneity, allowing several molecules to bind to the same active 17 

site. This leads to rapid diffusion of the molecules to the available active sites. On the other 18 

hand, when a is less than 1, as in the case of adsorption of other micropollutants, the active 19 

sites have different energies, leading to chemical and interface heterogeneities and favoring 20 

the formation of successive adsorption layers. These observations suggest that the AC surface 21 

is topologically highly heterogeneous, due to its porous structure, characterized by cracks, pits 22 

and significant variations in pore size and shape, as highlighted by textural properties results.  23 

The c parameter of the GBS model is closely related to the clustering and aggregation of 24 

micropollutants, and therefore is a measure of surface heterogeneity. A c value close to 0 25 
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indicates a very heterogeneous surface, and vice-versa when c is close to 1. Table SI 4 shows 1 

that the parameter c approaches 0 for all the micropollutants studied, confirming the fractal 2 

distribution demonstrated by the relevance of the BSf kinetic model. Surface heterogeneity 3 

can result from topological and chemical characteristics. Interface heterogeneity can result 4 

from the aggregation of micropollutant molecules on the adsorbent-adsorbate interface. 5 

However, it is essential to note that the GBS model has limitations in its ability to describe 6 

certain adsorption isotherms, particularly when these do not reach a clear equilibrium, 7 

especially in the case of isotherms with several adsorption layers [77,97]. The formation of 8 

multiple adsorption layers, or the binding of molecules to different types of active sites, can 9 

be analyzed using adsorption isotherm models based on statistical physics [79]. 10 

As shown in Figure 5, adsorption isotherms were fitted with two models derived from 11 

statistical physics, namely MLM2E and DLM2E, which are particularly suitable for isotherms 12 

exhibiting multilayer adsorption processes (DEA, MET ESA, CBZ, CIP, PFOS, PFOA and 13 

PFHxA). It should be noted that the MLM2E model stands out as the one that best describes 14 

micropollutant adsorption isotherms, probably due to the high number of parameters (6) it 15 

includes. 16 
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Figure 5: Non-linear fits of the adsorption isotherms of micropollutants studied on 3 

AC850°C2h using various models. 4 

The performance of these models, particularly MLM2E, is reflected in high coefficients of 5 

determination (R
2
), low χ

2
 values, and maximum adsorption capacities (qe,max) very close to 6 

experimental values (qe,max, exp). Despite the good fit of CIP and PFHxA isotherms by the 7 

MLM2E model, characterized by high R
2
 values (0.9595 and 0.9985, respectively) as 8 

observed in Figure 5, there is a significant disparity between the experimental maximum 9 

adsorbed amounts (qe,max, exp of 253 and 3135 mg/g, respectively) and the total maximum 10 

adsorbed amounts predicted by the model (qe,max, MLM2E of 6.67.10
8
 and 5.06.10

5
 mg/g, 11 

respectively). Calculating the maximum adsorbed amounts of CIP for each type (1 and 2) of 12 

active site (qemax 1 = n1 D1 and qemax 2 = n2 D2, determined by MLM2E), we found a qemax1 of 13 

315 mg/g, closer to the experimental value (qe,max,exp (CIP) = 253 mg/g) than qemax 2, which is 14 
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equal to 6.67.10
8
 mg/g. This result indicates that the significant disparity is due to the type-2 1 

sites and suggests that CIP molecules are primarily adsorbed by type-1 sites rather than type-2 2 

sites. Similarly, for PFHxA, qemax2 = 2329 mg/g, close to qe,max,exp (3135 mg/g). This 3 

observation indicates that PFHxA molecules are preferentially adsorbed by type-2 sites rather 4 

than type-1 sites. Similar results can be extended to the adsorption of ATZ and 17 BE since 5 

their n1 and n2 values are zero, respectively. In these cases, the qe max,exp of ATZ (95.95 mg/g) 6 

is much closer to qe max 2 (94.25 mg/g) than qe max 1 (0 mg/g), while the qe max,exp of 17 BE 7 

(57.07 mg/g) is much closer to qe max 1 (58.07 mg/g) than qe max 2 (0 mg/g). This indicates that 8 

each molecule is primarily adsorbed by one type of site rather than others, depending on the 9 

energy of the adsorption site. For a more in-depth discussion of the different “n scenarios”, 10 

see below, we will consider only n1 for the adsorption of CIP and 17 BE, and n2 for the 11 

adsorption of ATZ and PFHxA. 12 

Several studies [33,81,82,98] included the parameter n, corresponding to the number of 13 

molecules adsorbed per adsorption site, when using the MLM2E and DLM2E models to 14 

characterize the anchoring geometry of micropollutants on the AC surface, as well as their 15 

degree of molecular aggregation in solution. Three potential scenarios can be outlined, as 16 

illustrated in Table 2Erreur ! Source du renvoi introuvable.: 17 

 For n < 0.5: there are two or more active sites for pollutant binding, with parallel 18 

anchoring. The adsorption process involves multiple interactions; 19 

 For 0.5 < n < 1: this is the domain of mixed-anchoring adsorption. Micropollutants can 20 

be captured by one or two active sites, in varying proportions. If 0.5 < n < 0.75, 21 

interaction with two adsorption sites predominates, while for n = 0.75, interactions at 22 

one or two sites are equivalent. For n > 0.75, interaction is predominant at a single 23 

site; 24 
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 For n > 1: molecules attach in a non-parallel anchoring, where a single active site 1 

interacts with several molecules. This is the principle of multi-molecular adsorption. 2 

 3 

Table 2: Interaction scenarios between molecules and active sites as function of n. 4 

n 
Sorption interaction with the 

carbon surface 

Sorption interaction with surface 

functional groups 
Sorption mechanisms 

n ≤ 0.5 

  

- Two or more active sites for 

pollutant binding 

- Parallel anchoring 

- Adsorption with multiple 

interactions 

0.5 < n 

< 0.75 

 
 

- Mixed-anchoring adsorption 

- Interaction with two 

adsorption sites predominates 

n = 

0.75 

  

- Mixed-anchoring adsorption 

- Interactions at one or two sites 

are equivalent 

0.75 < 

n ≤1 

  

- Mixed-anchoring adsorption 

- Interaction with one 

adsorption sites predominates 

n > 1 

  

- A single active site interacts 

with several molecules. 

- Non-parallel anchoring 

- Multi-molecular adsorption 

with cluster formation 

 5 

Table SI 4 reveals that n1 < 0.5 for PARA (0.15) and CIP (0.36), indicating that the 6 

molecules of these two micropollutants were anchored parallel to each other through multiple 7 

interactions with two or more type-1 active sites. In the case of PFOA adsorption, n1 (0.51) 8 
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lies between 0.5 and 0.75, suggesting mixed anchoring of PFOA molecules to two or more 1 

adsorption sites via multiple interactions. The parameter n1 for DEA, MET ESA, CBZ, 17 BE, 2 

and PFOS, as well as the parameter n2 for all micropollutants (with the exception of CIP and 3 

17 BE, which are not considered for the reasons mentioned above) are greater than 1. This 4 

indicates that several molecules are adsorbed in a non-parallel manner by a single type-1 5 

and/or type-2 active site. This multi-molecular adsorption leads to the formation of aggregates 6 

(assembly of molecules) on the active sites, resulting in the formation of several adsorption 7 

layers, as illustrated by DEA, MET ESA, CBZ, CIP, PFOA, PFOS and PFHxA isotherms in 8 

Figure 5. 9 

The high n2 values for DEA, MET ESA, PFOS, PFOA and PFHxA molecules (3.64, 4.18, 10 

5.30, 23.37 and 6.96, respectively) explain their high experimentally adsorbed amounts (129, 11 

165, 669, 1977 and 3134 mg/g). This phenomenon may also explain the formation of a second 12 

adsorption layer for these micropollutants, as observed for CBZ, which has an n1 of 14, thus 13 

confirming the molecule aggregation already suggested by the c parameter of the GBS model. 14 

Interestingly, n2 values are higher than n1 for all micropollutants. It is therefore reasonable to 15 

conclude that type-2 active sites are better able to bind molecules than type-1 active sites, and 16 

that since n2 (number of molecules adsorbed by type 2 sites) > n1, then type-2 sites are able to 17 

adsorb molecules better than type-1 sites. 18 

As mentioned, adsorption isotherms correspond to monolayers in the case of ATZ, PARA 19 

and 17 BE, indicating that these molecules are bound by a dominant adsorption mechanism. 20 

In contrast, multilayer adsorption is observed for DEA, MET ESA, CBZ, CIP and the three 21 

PFAS, suggesting the existence of several simultaneous adsorption mechanisms. These 22 

possible adsorption mechanisms for each micropollutant are examined in the next section. 23 

 24 

 25 
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3.2.4. Possible adsorption mechanisms of micropollutants 1 

Micropollutants adsorb onto AC by several mechanisms. These mechanisms include pore 2 

filling, electrostatic interactions, hydrogen bonding, Van der Waals interactions, π-π and CH-π 3 

bonding, and the hydrophobic effect. Details of these mechanisms are available in a previous 4 

work [23]. Adsorption mechanisms are influenced by several parameters, such as adsorption 5 

operating conditions (pH, temperature: fixed in our case), physicochemical characteristics of 6 

the ACs (ABET, PSD, pHPZC, amount and nature of surface functions: fixed in our case since 7 

only one adsorbent is tested) and physicochemical characteristics of the micropollutants (size, 8 

charges, solubility, hydrophobicity...). To determine the predominant adsorption mechanisms 9 

for the micropollutants studied, an in-depth analysis of these characteristics is required. 10 

Figure 6 summarizes the various possible adsorption mechanisms for the micropollutants 11 

studied. The dimensions of the micropollutants studied, already provided in Section 3.2.1, 12 

perfectly enable the pores of AC to be penetrated, whatever the orientation of the molecule 13 

under consideration. In addition, the porous structure of AC can be filled with more than one 14 

molecule, which explains the formation, or initiation, of multilayer adsorption. 15 
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 1 

Figure 6: Possible micropollutant adsorption mechanisms on activated carbon. 2 

The pHPZC of AC850°C2h is 9.31. If the pH of the solution remains below pHPZC, the 3 

surface of the AC is positively charged, which favors the adsorption of negatively charged 4 

micropollutants such as MET ESA, PFOS, PFOA and PFHxA via electrostatic interactions 5 

with the positive charges of AC surface functions such as -OH2
+
, -NH3

+
, Φ=OH

+
. [99]. 6 

Furthermore, the hydrophobicity of these molecules enhances their adsorption through 7 

hydrophobic effect, forming micelles and hemi-micelles within large pores by Van der Waals 8 

interaction with the hydrophobic surfaces of the AC. These clusters and aggregations (micelle 9 

and hemi-micelle formation) were indicated by the parameter c in the GBS model and n of the 10 

MLM2E model. This may explain the multi-layer adsorption process of these molecules, as 11 

confirmed by our study and others [95,100,101]. 12 

However, for micropollutants such as ATZ, DEA, PARA, CBZ, CIP and 17 BE, which are 13 

uncharged molecules in the water pH range 6.5 to 9.5, Van der Waals interaction may 14 
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predominate over electrostatic interaction [30,102,103]. These micropollutants have the 1 

ability to form hydrogen bonds with AC surface functions (e.g. nitrogen or oxygen-based 2 

functional groups) or with other adsorbed molecules, thus initiating multilayer formation. 3 

Adsorption of neutral micropollutants can lead to electron delocalization, promoting the 4 

formation of additional chemical bonds and thus multilayer adsorption, as has been observed 5 

for DEA, CBZ and CIP. PFAS contain hydrophobic C-F chains that repel water molecules. 6 

Oxygen atoms contained in PFAS functional groups act as electron acceptors in hydrogen 7 

bonding with NH, OH. groups. Oxygen-containing functional groups can capture water 8 

molecules by hydrogen bonding from solution, resulting in competitive sorption of water with 9 

PFAS [99]. Finally, the presence of aromatic rings in all the micropollutants studied, with the 10 

exception of PFAS, also enables the establishment of π-π interactions between the π electrons 11 

of their aromatic rings and those of the aromatic rings of ACs and their surface functions such 12 

as phenolic groups, lactones, quinones. [32,104-106]. 13 

Given the complexity of adsorption on AC, characterized by diverse pore sizes, surface 14 

groups, and charge variations according to environmental conditions, no single mechanism 15 

can be favored over another. An integrated approach considering all these factors is thus 16 

needed to fully understand the adsorption process and optimize the efficiency of contaminated 17 

water treatment. 18 

3.2.5. Comparative studies of micropollutants adsorption 19 

To assess the performance of the synthesized AC compared with the two commercially 20 

available ACs introduced above, the coconut-shell AC used in Brita filter carafes (Brita AC) 21 

and the coal-based AC FiltraSorb 300 (F300) from Calgon Carbon, a series of adsorption tests 22 

was carried out. Physicochemical characterization and adsorption tests were performed at 23 

different initial concentrations of atrazine (ATZ), i.e., 1, 5 and 10 mg/L. Adsorption 24 

efficiencies were measured at predefined time intervals, i.e., 1, 4, 7 and 24 h, in order to 25 
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elucidate the adsorption kinetics for each adsorbent, including AC850°C-2h. Figure 7 shows 1 

ATZ removal (%) as a function of time and initial concentration for the three adsorbents. 2 

At a low ATZ concentration (1 mg/L), AC850°C-2h had the highest adsorption capacity 3 

after 1 h, outperforming Brita AC by 1.5 times and F300 by 2.7 times. However, it is 4 

important to note that Brita AC exhibits rapid saturation and limited efficacy despite its ABET 5 

(1025 m
2
/g) close to that of AC850°C-2h (1110 m

2
/g). At high initial ATZ concentrations (5 6 

and 10 mg/L), AC850°C-2h clearly stood out, achieving 99.3% ATZ elimination after just 4 of 7 

contact, while F300 and Brita AC achieved elimination rates of 98.4% and 81.5% after 24 8 

hours, respectively. This underlines the remarkable speed and efficiency of AC850°C-2h 9 

compared to Brita AC and F300. 10 

F300 showed a higher ATZ adsorption capacity than Brita AC, despite its lower ABET (855 11 

m
2
/g). This observation suggests that other characteristics, such as pore size distribution and 12 

functional groups, may play a crucial role in contaminant adsorption efficiency. Given that the 13 

total amount of basic functions of F300 and Brita AC are similar (0.53 and 0.51 mmol/g 14 

respectively), and that Brita AC exhibits a greater diversity of surface functions, the 15 

pronounced difference in adsorption performance between Brita AC and AC850°C-2h, despite 16 

comparable BET areas, is attributed to their distinct pore size distribution. Whereas Brita AC 17 

is primarily microporous with a limited mesoporous fraction (9%), F300 has well-developed 18 

mesoporosity (26%), which favors efficient and rapid adsorption of ATZ. 19 

AC850°C-2h is the most effective and faster ATZ adsorbent, whatever the initial 20 

concentration and contact time. This is due to its adequate BET area and pore size 21 

distribution, as well as the presence of appropriate surface functions, such as basic oxygen 22 

groups (pyrones) and amine functions (pyridines), as reported in our published study [23]. 23 

AC850°C-2h has an amount of basic and acidic functions of 0.69 mmol/g and 0.15 mmol/g, 24 

respectively. 25 
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 1 

Figure 7: ATZ removal by AC850°C-2h compared with Brita AC and F300 commercial ACs 2 

at different contact times and initial concentrations: (A) Ci = 1 mg/L; (B) = Ci = 5 3 

mg/L; and (C) Ci = 10 mg/L. 4 

A comparative analysis of the maximum adsorption capacities (qe,max), summarized in Table 5 

SI 6, was carried out with ACs reported in the literature. This comparison considers operating 6 

conditions such as AC dosage and BET area, initial micropollutant concentration (Ci) and 7 

contact time. The results are based on experiments carried out at 25 °C and pH 7.3. With 8 

regard to ATZ adsorption, AC850°C-2h performed 4.5 times better than PCPAC, which was 9 

obtained by chemical activation with FeCl3 of Araca fruit husks, despite using a dose five 10 

times higher. This can be explained by its lower ABET (431 m
2
/g) and shorter contact time (3 11 

h). The maximum concentration (Ci max) of ATZ used here is 40 mg/L, which slightly exceeds 12 

its solubility in water (33 to 35 mg/L at 25°C) [107]. 13 

DEA adsorption was studied by Faur et al. [108], using AC fiber (ACF RS 1301) produced 14 

by Actitex Companies (Levallois, France) using steam activation of Rayon. Higher qe,max (150 15 

mg/g) and higher ABET (1461 m
2
/g) were found compared to our work (qe,max of 129 mg/g). 16 

This could be attributed to the fibrous structure of this AC, offering a greater contact area with 17 

DEA, as well as a better adsorption kinetics and longer contact time (48 h versus 24 h in our 18 

study).  19 
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MET ESA adsorption was carried out by Gomis-Berenguer et al. (2021) [103], who 1 

synthesized two ACs (S-KC and R-KC) by chemical activation with K2CO3 of lignocellulosic 2 

precursors, sunflower seed hulls and rapeseed straw, respectively. These ACs exhibited 3 

exceptionally high ABET of 2024 and 2220 m
2
/g, respectively. Consequently, they achieved 4 

higher qe,max of 218 mg/g and 273 mg/g, compared to 165 mg/g for AC850°C-2h. In the same 5 

study, AQ630 (commercial AC from Jacobi France), with an ABET of 1016 m
2
/g comparable to 6 

that of AC850°C-2h, exhibited a qe,max (ESA MET) of 93 mg/g, which is significantly lower 7 

than that of AC850°C-2h. 8 

PARA adsorption was studied by Melliti et al. [44], in which AAC and PC, produced by 9 

ZnCl2 chemical activation of artichoke leaves and pomegranate peel, respectively, were used 10 

as adsorbents and showed ABET of 1203 and 1095 m
2
/g, respectively. Although textural 11 

properties were similar to that of AC850°C-2h, lower adsorption capacities (215 and 143 12 

mg/g) were measured compared with that of AC850°C-2h (396 mg/g), despite higher doses, 13 

lower initial concentrations and a contact time of 24 h. This indicates that, in addition to 14 

textural properties, AC850°C-2h presents other factors influencing adsorption capacities, such 15 

as the surface functional groups. This can be confirmed by the CBZ adsorption by ACMW, 16 

which is an AC produced by KOH chemical activation and microwave pyrolysis of primary 17 

sludge from the paper industry. ACMW was then doped with different iron II fractions to 18 

produce MACX3. Maximum adsorbed amounts were 198 and 134 mg/g, respectively, 19 

exceeding that of AC850°C-2h, which is 76 mg/g. This is remarkable despite the lower (795 20 

m
2
/g) or similar (1082 m

2
/g) ABET of MACX3 and ACMW, respectivey, compared to that of 21 

AC850°C-2h, as well as the significantly lower dose and contact time. ACMW presents a total 22 

pore volume Vtot of 0.79 cm
3
/g, higher than that of AC850°C2h (0.63 cm

3
/g). In addition, 23 

MACX3 and ACMW are rich in oxygen functionalities: carbonyl, carboxyl, quinone and 24 

ketone groups. 25 
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With regard to CIP adsorption, AC850°C-2h demonstrated a slightly higher qe,max (253 1 

mg/g) compared to GAC (221 mg/g), even though a higher dose of GAC (1.1 g/L) was used 2 

with the same contact time and Ci interval. Here, GAC refers to a commercial AC produced 3 

by Jalmek (Mexico) by chemical activation of lignocellulose with phosphoric acid. This 4 

difference may be attributed to the slightly lower ABET of GAC (940 m
2
/g) compared with 5 

AC850°C-2h, or to the presence of suitable surface functional groups that facilitate CIP 6 

removal from water.  7 

Finally, concerning PFAS adsorption, BC-P(SB-co-AM), which is a biochar prepared by 8 

slow pyrolysis of wood chips and doped with quaternary ammonium groups, has an 9 

adsorption capacity of 536 mg/g for PFOA and 634 mg/g for PFOS. In comparison, 10 

AC850°C2h, with an ABET of 1110 m
2
/g, has a PFOS adsorption capacity of 669.5 mg/g, very 11 

close to that of BC-P(SB-co-AM) despite its low BET area of 167 m
2
/g. This demonstrates the 12 

importance of surface functions, particularly amine functions, in the selective and efficient 13 

adsorption of PFAS. Overall, adsorbents with a higher ABET do not always guarantee better 14 

qe,max adsorption capacity for all pollutants. Performance also depends on the chemical 15 

properties (pHPZC and surface functions) of the ACs, as well as on the nature of the pollutant, 16 

its initial concentration, the dose of adsorbent and the contact time.  17 

 18 

4. Conclusion 19 

Groupe Bordet’s wood-based charcoal was converted into highly porous activated carbon 20 

(AC) through physical activation with steam in a rotary kiln. Increasing time and temperature 21 

led to the creation of micropores that gradually evolved into mesopores. The AC synthesized 22 

at 850 °C for 2 hours, with a BET surface area exceeding 1100 m²/g and a micro-mesoporous 23 

structure with over 30% mesoporosity, showed promise for tap water purification, due to its 24 

optimized textural properties, which support effective micropollutant adsorption. Comparative 25 
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studies with commercial ACs demonstrated that our optimized AC surpasses others, largely 1 

due to its well-developed mesoporosity. This finding highlights the crucial role of mesopores 2 

in enhancing adsorption efficiency, complementing micropores by providing numerous active 3 

sites and speeding up adsorption kinetics, which leads to excellent performance even at short 4 

contact times.  5 

Kinetic studies, described by the BSf model, revealed a rapid, fractal adsorption process, 6 

indicating surface heterogeneity and active site accessibility. Adsorption isotherms 7 

highlighted multilayer adsorption behavior for specific micropollutants, including DEA, MET 8 

ESA, CBZ, CIP, and three PFAS molecules. Pore filling, Van der Waals interactions, and 9 

hydrogen bonding were identified as primary adsorption mechanisms for all the 10 

micropollutants studied. Interestingly, only PFAS and MET ESA can be adsorbed by 11 

electrostatic interactions and hydrophobic effects, while pesticide and drug molecules can be 12 

adsorbed by π-π interactions. Future research will focus on increasing the density of 13 

AC850°C2h by compaction using a bio-based binder, conducting AC regeneration 14 

experiments to evaluate durability, performing dynamic adsorption tests under real-world 15 

conditions, and working to improve the adsorption selectivity for challenging micropollutants, 16 

such as short-chain PFAS. 17 
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