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Abstract 

 An activated carbon was produced from paper mill sludge (AC-P) and 

functionalized with thiol groups (AC-MPTMS) for the adsorptive removal of the 

antibiotic sulfamethoxazole (SMX) from buffered solutions prepared in ultrapure water 

(pH 8) and real wastewater samples. The physicochemical properties of the two 

materials (AC-P and AC-MPTMS) showed differences, mainly in specific surface area 

(SBET), in the type of oxygen functional groups and in the relative percentage of sulphur 

groups. The adsorption results showed a decrease in the Langmuir adsorption capacity 

(qm) upon an increase on temperature (15, 25 and 35 °C), varying between 113 ± 7 and 
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42.5 ± 0.6 mg g
-1

 for AC-P and between 140 ± 20 and 28.0 ± 1.5 mg g
-1

 for AC-

MPTMS. Pseudo-second order model presented the best fit for the kinetic studies, with 

rate constants (k2) increasing with temperature and varying from 0.005 ± 0.002 to 0.013 

± 0.004 g mg
-1

 min
-1

 for AC-P and from 0.006 ± 0.002 to 0.03 ± 0.01 g mg
-1

 min
-1

 for 

AC-MPTMS. Both adsorbents showed very similar thermodynamic parameters, with 

the adsorption process being spontaneous (-26 kJ mol
-1

 ≤ ΔGº ≤ -40 kJ mol
-1

), 

endothermic (69 kJ mol
-1

 ≤ ΔHº ≤ 78 kJ mol
-1

), and entropically favourable (356 ≤ ΔSº 

≤ 365 J mol
-1

 K
-1

). The performance of AC-MPTMS in the removal of SMX was tested 

in wastewater, where the material displayed lower SMX adsorption velocity and 

capacity than in buffered aqueous solution (pH 8) due to competitive matrix effects. 

  

Keywords: Organosilane grafting, Adsorptive wastewater treatment, Biowastes 

valorization, Emerging contaminants, Pharmaceuticals 

 

1. Introduction 

Contamination of aquatic ecosystems by pharmaceuticals raises large concern. 

Antibiotics, which are among the most frequently detected medicines in the 

environment [1], are particularly worrying due to their antimicrobial resistance effect 

caused by the development of antibiotic resistant bacteria and spread of antibiotic 

resistant genes [2]. Also, the presence of antibiotics in the aquatic environment may 

cause toxicity towards the living organisms in the different ecosystems [2, 3]. In the 

future, negative effects by antibiotics are foreseen to be enhanced since it has been 

reported that, from 2015 to 2020, their consumption has globally increased by 65 % [1, 

4]. After consumption, antibiotics are not fully metabolized by the organism and, 

therefore, their unaltered form, along with active metabolites, are excreted, entering the 
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environment through the discharge of wastewater treatment plant (WWTP) effluents, 

which are amongst the main sources of antibiotic in waters bodies [2, 3, 5, 6].  

Sulfamethoxazole (SMX) is an antibiotic belonging to the sulfonamides group 

and has been found in concentrations up to µg L
-1

 in several WWTP influents and 

effluents and also at ng L
-1

 levels in surface waters and even in drinking waters [1-3].  

Photodegradation and biodegradation can reduce the environmental persistence of this 

pharmaceutical; yet the extent of these phenomena can be highly dependent of the 

matrix composition [7]. In fact, the “pseudo-persistent” effect caused by the continuous 

entrance of this, and other compounds, in the environment can pose long-term risks [7]. 

There are evidences that the presence of SMX in concentrations as low as µg L
-1

 may 

have detrimental effects to the ecosystem [8], including the microbial community [9], 

aquatic plants and algae [10]. This implies the necessity of implementing efficient 

removal technologies in WWTP treatments. 

Adsorption was pointed out as a very interesting water treatment solution for 

both organic and inorganic contaminants [11-14]. Along with its efficacy, the 

advantages of adsorption also include easiness of operation, low cost, and no or lower 

formation of toxic by-products [4, 11, 14]. In fact, and in the particular case of organic 

contaminants, some studies concerning wastewater treatment at pilot-scale level, 

suggest adsorption as a preferable method when compared to some oxidation processes, 

achieving high removal efficiency [15]. Moreover, target substances, even at small 

concentrations and when present in complex mixtures, can be selectively adsorbed [12]. 

Activated carbons (AC) are generally pointed out as being very versatile materials for 

adsorption treatments, presenting a high surface area and being able to effectively 

adsorb a wide range of contaminants, including organic compounds [13, 16]. Despite 

the importance of high surface areas for the high adsorption capacities commonly 
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achieved by these materials, other properties such as pore size distribution and surface 

functionalities may also have a key role in the adsorptive removal of organic pollutants, 

since adsorption is known to be a complex process involving several phenomena [17]. 

Moreover, the properties of the adsorbate are also of vital importance to define 

adsorbent-adsorbate affinities [18]. Therefore, and considering that pharmaceuticals can 

present very distinct physicochemical properties, structure and molecular size, different 

efficiencies may be attained in the adsorptive removal of these contaminants, with 

adsorption capacity also depending on the applied operational conditions, such as pH, 

temperature, adsorbent dosage and adsorbate concentration [1, 11-13]. This is well 

observed in the work of Guillossou et al. [19], where an AC adsorption pilot strategy 

was applied as tertiary treatment. High differences were found in the removal 

percentages of the 25 organic micropollutants (OMP) studied, both by conventional 

WWTP treatments (primary and biological) and pilot advanced treatment with AC [19]. 

In the particular case of SMX, the removal percentage by conventional WWTP 

treatments was -29 (±53) % increasing only to 34 (±19) % with the pilot advanced 

treatment [19]. Hence, in order to improve the removal of less adsorbed OMP, the 

functionalization of AC may be an interesting approach [20]. A recent example of this 

strategy is the work of Sekulic et al. [21], where a waste lignocellulosic-based AC was 

functionalized aiming at the introduction of phosphorous functional groups on its 

surface. The functionalized AC was successfully applied in the removal of several 

pharmaceuticals, including SMX, in water under controlled pH 6-7 [21].  

In a previous work on the effect of different surface functionalizations of a 

waste-derived activated carbon on the adsorption of pharmaceuticals from water [22], a 

thiol functionalized activated carbon (AC-MPTMS) showed potential for enhanced 

adsorption of SMX from wastewater relatively to other functionalized materials. In this 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

work, an AC (hereafter named AC-P) was produced from an industrial residue (primary 

paper mill sludge) [23] and then used as precursor for the synthesis of a functionalized 

material (AC-MPTMS), which was obtained by organosilane grafting with (3-

mercaptopropyl)trimethoxysilane. Both AC-P and AC-MPTMS were characterized by 

nitrogen (N2) adsorption isotherms, determination of BET surface area (SBET), Fourier 

transform infrared with attenuated total reflectance (FTIR-ATR), X-ray photoelectron 

spectroscopy (XPS) and scanning electron microscopy (SEM). The adsorption of the 

antibiotic SMX onto AC-MPTMS was then addressed and compared to that of AC-P by 

analyzing the thermodynamic parameters involved in the process.  

 

2. Experimental section 

2.1. Chemicals and reagents 

The production of the AC-P was achieved using potassium hydroxide (KOH, 

EKA PELLETS, ≥86 %) as activating agent. For the chemical functionalization, the 

following reagents were used: (3-mercaptopropyl)trimethoxysilane (MPTMS, Aldrich, 

95 %) and toluene (Aldrich, 99.8 %). The pharmaceutical SMX (>98 %) was purchased 

from TCI. Di-potassium hydrogen (K2HPO4, PanReac AppliChem, 99.0 %), potassium 

dihydrogen phosphate (KH2PO4, MERCK, 99.5 %), and ortho-phosphoric acid (H3PO4, 

Panreac, 85.0 %) were used for pH adjustment and control. 

For the analytical determination of SMX, in the aqueous phase, by Micellar 

Electrokinetic Chromatography (MEKC), a buffer solution of 15 mM sodium 

tetraborate (Riedel-de Haën) and 30 mM sodium dodecyl sulphate (SDS, Sigma-

Aldrich, 99 %) was used as background electrolyte. For the capillary conditioning, 1 M 

sodium hydroxide (NaOH, José Manuel Gomes dos Santos, 99.3 %) and 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

hexadimethrine bromide (polybrene, Sigma-Aldrich) were used. Also, ethylvanillin 

(Aldrich, 99.0 %) was used as internal standard. 

All the solutions were prepared in ultrapure water obtained from a Milli-Q 

Millipore system (Milli-Q plus 185). 

 

2.2. Material synthesis and characterization 

2.2.1. Production of AC-P and AC-MPTMS 

Primary paper mill sludge, a waste product obtained from the primary treatment of the 

effluents of the pulp and paper industry, was used as raw material for the production of 

AC-P following the optimized procedure described in Jaria et al. [23]. Subsequently, 

organosilane grafting of AC-P with (3-mercaptopropyl)trimethoxysilane was performed 

as described in Jaria et al. [22] in order to produce AC-MPTMS. A brief description of 

the experimental procedures for the production of AC-P and AC-MPTMS is presented 

in Supplementary Material (SM). 

 

2.2.2. Physicochemical characterization of the carbon materials 

 The physicochemical characterization of AC-P and AC-MPTMS was performed 

by the determination of SBET and microporous volume (W0), Fourier transform infrared 

spectroscopy with attenuated total reflectance (FTIR-ATR), X-ray photoelectron 

spectroscopy (XPS), and scanning electron microscopy (SEM).  

The SBET and W0 of AC-P and AC-MPTMS were determined by the nitrogen 

(N2) adsorption isotherms that were acquired at 77 K using an ASAP 2420 from 

Micromeritics Instrument Corporation. The SBET values of both materials were 

calculated using the Brunauer–Emmett–Teller equation [24] in the relative pressure 

range 0.01–0.1 and the respective total pore volumes (Vp) were assessed from the 
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amount of nitrogen adsorbed at a relative pressure of 0.99. W0 was determined by the 

application of the Dubinin–Radushkevich equation [25] or the Dubinin-Astakhov (DA) 

equation to the lower relative pressure zone of the nitrogen adsorption isotherm. 

The FTIR-ATR spectra were obtained in a IRaffinity-1 equipment (Shimadzu), 

using an ATR module, under a nitrogen purge, by film deposition of the AC materials. 

The film deposition consisted of placing a drop of an AC suspension (in water) on the 

ATR crystal followed by drying with N2 until a film is formed over the crystal. The 

measurements were performed in the wavenumber range of 700-4000 cm
-1

, with 128 

scans, 4 cm
-1

 of resolution and with atmosphere correction.  

The XPS analysis was performed in an ultra-high vacuum (UHV) system with a 

base pressure of 2 × 10
-10

 mbar equipped with a hemispherical electron energy analyzer 

(Phoibos 150, SPECS), a delay-line detector and a monochromatic Al Kα (1486.74 eV) 

X-ray source. High resolution spectra were recorded at normal emission take-off angle 

and with a pass-energy of 20 eV, providing an overall instrumental peak broadening of 

0.5 eV. 

The SEM images were obtained in a SU-70 equipment (Hitachi) at 

magnifications of 3 000, 10 000, 30 000 and 50 000 x. 

 

2.3. Adsorption studies 

Using AC-P and AC-MPTMS as adsorbents, kinetic and equilibrium studies on 

the adsorption of SMX were performed in batch mode and under stirring at 80 rpm in an 

overhead shaker (Reax 2, Heidolph Instruments). Experiments with ultrapure water 

were carried out at three different temperatures (15, 25 and 35 ºC) and at buffered pH 8, 

which was chosen to be close to the pH of wastewater. For the pH adjustment, SMX 

solutions were prepared in phosphate buffer 0.01 M using 94 mL of 0.1 M K2HPO4 and 
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6 mL of 0.1 M KH2PO4 for 1 L of solution. When necessary, H3PO4 1M or KOH 1M 

were used to tune the final pH. 

The adsorptive performance of AC-MPTMS was also assessed in an effluent 

from a local WWTP that treats domestic sewage. For that purpose, batch adsorption 

experiments under constant stirring (80 rpm) were carried out at 25 °C using SMX 

solutions prepared in wastewater collected in May 2019 at the outlet of the WWTP after 

secondary decanting, which corresponds to the effluent that is discharged into the 

aquatic environment. After collection, wastewater was filtered through 0.45 µm, 293 

mm membrane filters (Gelman Sciences) and stored at 4 °C, if not immediately used 

after filtration. Wastewater was characterized for conductivity (HI763100, Hanna 

Instruments), pH (HI11310, Hanna Instruments) and TOC (TOC-VCPH, SSM-5000A 

(Shimadzu)). 

 

2.3.1. Kinetic studies 

Kinetic studies were performed to determine the time needed to reach the 

equilibrium (te) for the adsorption of SMX onto AC-P and AC-MPTMS. For 

experiments in buffered solutions prepared in ultrapure water (pH 8), solutions of SMX 

with an initial concentration, C0 (mg L
−1

), of 5 mg L
-1 

were placed in polypropylene 

tubes in presence of the adsorbent at a concentration of 0.040 g L
-1

. The C0 (mg L
−1

) 

used in this work, which is higher than SMX concentrations typically found in 

wastewater, was selected for practical reasons, namely for being possible to weigh with 

accuracy a mass of adsorbent that allows for a significant SMX adsorption but also a 

measurable residual concentration of the antibiotic after adsorption. Also, and 

considering the real application of the adsorbent for water treatment, the determination 

of the isotherms parameters, even at relatively high concentrations of adsorbate, allows 
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to predict or estimate the probable amount of adsorbent required to achieve a 

determined percentage of removal of a contaminant [26].  

The polypropylene tubes were stirred under controlled temperature, for different 

time intervals ranging from 5 min to 480 min. Regarding the study on the SMX 

adsorption onto AC-MPTMS from wastewater, kinetic experiments were performed as 

previously described but with an adsorbent concentration of 0.060 g L
-1

 and stirring 

times ranging between 15 and 1440 min. At the end of each time interval, stirring was 

stopped and the solutions were filtered through 0.22 µm PVDF filters (Whatman) and 

analyzed for the residual concentration of SMX at the corresponding time, Ct (mg L
−1

), 

by MEKC, as described in SM. The adsorbed concentration of SMX onto AC-P or AC-

MPTMS at a time t, qt (mg g
−1

), was calculated by a mass balance. All the adsorption 

kinetic experiments were performed in triplicate and in parallel with controls (tubes 

without adsorbent). Fittings of experimental results to the kinetic pseudo-first order 

model (PFO) [27] and pseudo-second order model (PSO) [28] equations, which are 

presented in Table S1 in SM, were determined using GraphPad Prism, version 5. 

 

2.3.2. Equilibrium studies 

Equilibrium studies were carried out to determine the adsorbents behavior and 

capacities at the equilibrium and the corresponding equilibrium constant. Hence, for 

experiments from buffered solutions prepared in ultrapure water (pH 8), predefined 

volumes of SMX solution with a C0 (mg L
−1

) of 5 mg L
-1

 were placed in polypropylene 

tubes together with different concentrations of AC-P or AC-MPTMS, ranging from 

0.020 g L
-1

 to 0.300 g L
-1

. The polypropylene tubes were stirred under controlled 

temperature during the equilibrium time, te (min), determined in the previous kinetic 

studies. Regarding the SMX adsorption onto AC-MPTMS from wastewater, the 
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equilibrium study was performed as described above but with adsorbent concentrations 

ranging from 0.040 to 0.400 g L
-1

. After the corresponding equilibrium time, stirring 

was stopped and solutions were filtered through 0.22 µm PVDF filters (Whatman) and 

analyzed for the equilibrium concentration of SMX, Ce (mg L
−1

), by MEKC, as 

described in SM. The adsorbed concentration of SMX onto AC-P or AC-MPTMS at the 

equilibrium, qe (mg g
−1

), was calculated by a mass balance. All the adsorption 

equilibrium experiments were performed in triplicate, together with control tubes 

without adsorbent. Fittings of equilibrium experimental results to the isotherm models 

of Langmuir and Freundlich, which are depicted in Table S1 in SM, were determined 

using GraphPad Prism, version 5. 

 

2.5. Adsorption activation energy and thermodynamic parameters 

Activation energy (Ea) is an important thermodynamic parameter representing 

the minimum energy necessary for a specific interaction between the adsorbate and the 

adsorbent to occur [29]. The calculation of Ea allows one to determine the dependence 

of the adsorption reaction rate on temperature [30]; Ea can be determined by applying 

Arrhenius equation (equation 1) [30]: 

      
  

 

 

 
        (1) 

where k is the adsorption rate constant, T (K) is the temperature and A is the frequency 

factor or collision probability factor [29, 31]. By plotting ln k vs 1/T, Ea was determined 

from the slope and A from the intercept.  

Thermodynamic parameters, namely the standard Gibbs energy (ΔG°, J mol
-1

), 

standard enthalpy (ΔH°, J mol
-1

) and standard entropy (ΔS°, J mol
-1

 K
-1

), associated to 

the adsorption of SMX onto AC-P and AC-MTPS was calculated on the basis of the 
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third principle of thermodynamics (equation 2) and the Van’t Hoff equation (equation 

3) [32, 33]: 

ΔG° = ΔH° - TΔS°  (2) 

ΔG° = -RT ln (Ke°)  (3) 

where R is the perfect gas constant (8.314 J K
-1

 mol
-1

) and Ke is the thermodynamic 

equilibrium constant (dimensionless) [32, 33]. The combination of the equations above 

(2 and 3) results in equation 4, which allows for the determination of the 

thermodynamic parameters ΔH° and ΔS° [32, 34]. 

     
   

   

 

 

 
 
   

 
 (4) 

By plotting ln (Ke°) versus 1/T, ΔHº was determined from the slope and ΔS° from the 

intercept. The adsorption equilibrium constant derived from the fittings of experimental 

results to isotherm models must be a dimensionless variable, so to be possible its 

utilization in the Van’t Hoff equation. Thus, Ke° (dimensionless) was calculated using 

equation 5, as proposed by Lima et al. [33]  

  
  

           [         ]
 

 
  (5) 

where Kg (L mg
-1

) is the Langmuir equilibrium constant for the best equilibrium fitting; 

MW (g mol
-1

) is the molecular weight of the adsorbate; [Adsorbate]° is the standard 

concentration of the adsorbate (1 mol L
−1

); and γ is the coefficient of activity of the 

adsorbate (dimensionless) [33]. In general, the standard concentration of a solute in a 

solution is considered 1 mol L
-1

, and the activity coefficient is considered unitary for 

diluted solutions [33, 35]. Taking into account that the initial concentration of SMX is 5 

mg L
-1

, which is equivalent to ~2 x 10
-5

 mol L
-1

, and that a solution is considered 

diluted when its molar concentration is not higher than 0.01 M [32], the SMX solution 

used can be seen as a very diluted solution and, therefore, the activity coefficient was 

considered unitary. 
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3. Results and Discussion 

3.1. Physicochemical characterization of AC-P and AC-MTPMS 

3.1.1. Specific Surface Area 

The SBET values obtained for AC-P and AC-MPTMS were 1433 and 1164 m
2
 g

-

1
, respectively (Table S2). These results evidenced a reduction of 19% in the SBET of the 

parent material after functionalization. Both AC-P and AC-MTPMS showed a high 

degree of microporosity (Table S2), with AC-MPTMS presenting a decrease in the 

micropore volume (Wo) and a slight increase in the average pore diameter, as compared 

to AC-P (Table S2). The pore size distribution (PSD) of the materials, represented in 

Figure 1, showed very similar patterns, with most of the pore volumes in the range of 2 

to 4 nm. Still, AC-MPTMS displayed a slight decrease in this range as compared with 

AC-P, which was also observed in Jaria et al. [22], and should be related with the 

introduction of functional groups into the pore channels of AC-P.  

 

3.1.2. Scanning electronic microscopy (SEM) 

The SEM images for AC-P and AC-MPTMS are depicted in Figure S1. Both 

materials present a high degree of porosity, which is in accordance with the SBET results, 

with AC-P presenting a rougher and more porous surface than AC-MPTMS. This last 

observation may be related to the surface modification with the organosilane precursor, 

which smoothed the AC surface. 

 

3.1.3. Fourier Transform Infrared with Attenuated Total Reflectance (FTIR-ATR) 

The FTIR-ATR spectra obtained for AC-P and AC-MPTMS are presented in 

Figure S2 in SM. The FTIR-ATR spectra of both materials are very similar presenting a 
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main peak of absorbance around 1510 cm
-1

, which can be assigned to aromatic ring 

stretch (C=C‒C) [36]; a small signal at 1645 cm
-1

, which can be associated to carbon 

double bond stretch (C=C); and three small peaks between 3500 and 3900 cm
-1

, which 

may be mostly assigned to hydroxyl groups (OH stretch) [36]. AC-MPTMS spectrum 

shows a slight band around 1112 cm
-1

, which may correspond to sulphur in the form of 

sulfonates or due to the presence of organic siloxane (Si‒O‒C) [36], possibly from 

unreacted MPTMS during the synthesis of AC-MPTMS. Yet, FTIR analysis did not 

evidenced the presence of a band around 2560 cm
-1

, typical of thiol groups [37-39]. 

However, FTIR spectra obtained for AC are commonly characterized by wide 

absorbance bands with low resolution, which can make difficult the identification of 

specific and low intensity peaks. The levels of condensation of aromatic rings may 

influence this trend due to the absorption of infrared radiation [40]. In order to get a 

more detailed characterization on the surface chemistry of the produced materials, XPS 

analysis was also carried out, results being next displayed.  

 

3.1.4. X-Ray photoelectron spectroscopy (XPS) 

XPS high-resolution spectra are presented in Figure 2, while the overview 

spectra and the results from the XPS analysis of AC-P and AC-MPTMS can be seen in 

Figure S3 and Table S3 (in SM), respectively. 

Inspection of the XPS overview spectra and the high resolution spectra for C1s, 

N1s and Si2s+S2p, allows to observe that AC-P and AC-MPTMS present similar 

profiles, just with the Si2s+S2p spectra revealing differences on the intensities of the 

peaks associated to sulphur bonds (around 163 and 164 eV) (Figure 2 and Figure S3 in 

SM). In what concerns the high-resolution spectra, and for C1s, both materials present a 

main peak at 284.5 eV assigned to the graphitic carbon (sp
2
) [41], followed by a peak 
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around 285.3-285.5 eV attributed to C‒C on the edge of graphene sheets (sp
3
), C‒H 

bonds [41], and/or to C‒OH groups [42]. The other peaks may be associated to other 

functionalities such as carbon-oxygen single bond in ether and alcohol groups (~286 

eV) [41, 43]; double bond carbon-oxygen groups (‒C=O) [41, 44] or ‒C=N‒ species 

[45] around 287 eV; carbon in carboxyl, lactone or ester groups (~ 288 eV) [43]; and 

carbon in carbonate groups [43] (Figure 2 and Table S3 in SM). In the case of nitrogen, 

it is possible to observe in the overview spectra (Figure 2), that the peak associated to 

the nitrogen core-level is very small, nearly imperceptible (Figure S3 in SM). 

Nevertheless, the high-resolution N1s spectra show the same pattern for both AC-P and 

AC-MPTMS, presenting three peaks that can be assigned to pyridinic nitrogen (~397-

398 eV); pyrrolic or pyridonic nitrogen (~400 eV); and quaternary nitrogen (~401-402 

eV) [45, 46]. The main differences are in the relative percentage of each group, with 

AC-P presenting a higher percentage for pyridinic and pyrrolic nitrogen than AC-

MPTMS, while AC-MPTMS has a greater percentage of quaternary nitrogen than AC-P 

(Figure 2 and Table S3 in SM). For the Si2s+S2p high-resolution spectra, it is evident 

the relatively large peak associated to the sulphur binding energies for AC-MPTMS 

(Figure 2 and Table S3 in SM). Furthermore, both AC-P and AC-MPTMS present a 

high peak corresponding to silanes around 154 eV [47]; two peaks around 163 and 164 

eV, which have a higher relative percentage for AC-MPTMS (Table S3 in SM), and 

may be respectively attributed to S‒H, S‒C bonds and thiol moieties [48], and to S‒S 

bonds [47], elemental S and thiol groups [48]; and a fourth peak at 168-169 eV, which 

may be assigned to sulfoxide groups [48]. In what concerns the high resolution O1s 

spectra, large differences may be observed between the materials, with AC-MPTMS 

presenting only one peak at 532.3 eV, which is mostly associated to single bonded 

carbon-oxygen groups (C‒O‒C and C‒OH) [45, 46]. In the case of AC-P, the O1s 
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spectrum shows a peak at 532.8 eV, with the highest relative percentage (71.6%); 

another at 531.0 eV, which is possibly due to the presence of double bond oxygen 

groups (C=O) [46] in quinones [41] or in carbonyl and carboxylic groups [41, 42]; and a 

third one at 534.0 eV, which can be assigned to oxygen in carboxyl groups (‒COOH or 

COOR) [41] or to ether and hydroxyls bonded to aromatics [42] (Figure 2 and Table S3 

in SM). 

As for results shown in this section, the chemical characterization of the 

adsorbent, performed by XPS and FTIR-ATR analyses, showed differences between the 

parent and the functionalized materials. In particular, it is to highlight that XPS analysis 

evidenced intensity differences in the peaks of S2p+Si2s, which are related to the 

sulphur binding energies, and were larger for AC-MPTMS than for AC-P. Also, textural 

changes due to thiol functionalization were clearly observed in N2 adsorption isotherms 

(for SBET determination) and SEM images of AC-MPTMS as compared with AC-P.  

 

3.2. Kinetic and equilibrium studies for the adsorption of SMX onto the AC-P and 

AC-MPTMS 

The results of the kinetic studies on the adsorption of SMX onto AC-P and AC-

MPTMS from buffered solution prepared in ultrapure water (pH 8) are presented in 

Figure 3 a-1 and b-1, respectively, and Table 1. Also, the fittings for the two models 

used (PFO and PSO) are depicted together with experimental results in Figure S4 in 

SM. 

As it may be seen in Figure 3, kinetic curves showed a quite fast adsorption of 

SMX onto AC-P and AC-MPTMS, with a steep initial slope and qt values rapidly 

reaching stabilization at the corresponding qe. As for the effect of temperature, slightly 

steeper slopes but lower qe may be observed for increasing temperature. For all the 
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studied systems, equilibrium was attained within 120 min, which was considered as the 

minimum te for the subsequent equilibrium studies. 

According to results in Table 1, the PSO model presents the best correlation 

coefficients (R
2
) for the fittings to the kinetic results. This model points to a strong 

interaction between adsorbate and adsorbent, not only due to the microporosity, but also 

due to the complementary interaction present in both entities [49]. Parameters in Table 

1 evidence that, under the experimental conditions used, the fitted values of qe decrease 

with temperature for both adsorbents, with those of AC-P being larger than those of 

AC-MPTMS. Meanwhile, the kinetic constant rates (k2) increase with temperature, 

indicating a decrease in the time required to reach equilibrium [21]. Also, the obtained 

k2 are very similar for both adsorbents, being only slightly higher for AC-MPTMS than 

for AC-P. In any case, the determined values of k2 are similar to values recently 

obtained by other authors for the adsorption of SMX onto AC. For example, the 

adsorption of SMX at 25 °C occurred with a k2 of 0.008 g mg
-1 

min
-1 

onto a core-shell 

AC [50] and of 0.0039 g mg
-1 

min
-1 onto a cetyltrimethylammonium bromide (CTAB) 

modified AC [51]. On the other hand, Tonucci et al. [52] determined k2 values for the 

adsorption of SMX onto an AC produced from pine tree that, as in this work, increased 

with increasing temperature, with values 0.001 < k2 < 0.01 g mg
-1 

min
-1 in the range of 

15 to 45 °C. Such an increase is in agreement with Arrhenius equation (1) and must be 

related to the increased mobility of SMX molecules and the increasing number of 

molecules with sufficient energy to undergo interaction with active sites on the 

adsorbents’ surface. 

The results from the equilibrium studies on the adsorption of SMX onto AC-P 

and AC-MPTMS from buffered solutions (pH 8), at different temperatures, are 

presented in Figure 3 a-2 and b-2, respectively, and Table 1. Also, the isotherm fittings 
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for the two models used (Langmuir and Freundlich) are depicted together with 

experimental results in Figure S5 in SM. Observing Figure 3 a-2 and b-2, and Figure S5 

(in SM), AC-P and AC-MPTMS show distinct patterns, with AC-P isotherms achieving 

a clear plateau, which is not so well defined for AC-MPTMS, especially at 15 °C. This 

is reflected in the fitting parameters (Table 1), since AC-MPTMS at 15 °C is the only 

system for which the Freundlich isotherm model presents a slightly better correlation 

coefficient (R
2
) than the Langmuir model. Also, it can be seen in Figure 3b-2 that in the 

low range of Ce (< 1 mg L
-1

), AC-MPTMS displayed closer qe at the different 

temperatures than AC-P (Figure 3a-2). 

Considering the fitting results depicted in Table 1, the Langmuir model was 

selected as the most adequate for subsequent considerations on the equilibrium of the 

studied systems. For both AC-P and AC-MPTMS, the Langmuir constant (KL) increases 

with temperature while the maximum adsorption capacity decreases. Therefore, 

although the affinity between SMX molecules and these adsorbents increases with 

temperature, the contrary occurs for the monolayer capacity. Comparing the adsorbents 

produced in this work, the KL values determined for AC-P are higher than those of AC-

MPTMS (Table 1), and steeper isotherms were observed for AC-P (Figure 3a-2) 

comparatively to AC-MPTMS (Figure 3b-2). With respect to the qm values determined 

for AC-P at 25 and 35 °C, these are higher than those determined for AC-MPTMS. 

Meanwhile, at 15 °C, and due to the high standard deviation of the qm values determined 

for AC-MPTMS, there are not significant differences between the monolayer capacity 

of both materials.  

Differences in the obtained results on the adsorption of SMX onto AC-P and 

AC-MPTMS may be, in part, related with the larger SBET of the former. The larger KL 

and qm determined for AC-P may be associated to the larger number of available 
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oxygen functional groups, like carbonyl and carboxyl groups, in comparison to AC-

MPTMS. These additional groups will likely stabilize the interaction of AC with SMX 

through n-π electron donor-acceptor interactions and dipole-dipole H-bond [21]. As for 

the sulphur functional groups in AC-MPTMS, they do not seem to have significantly 

influenced the adsorption of SMX.  

For comparison purposes, published results on the adsorption of SMX by 

different AC in the literature are depicted in Table S5 (within SM). Among the referred 

works, Sekulic et al. [21] used a lignocellulosic waste-based functionalized AC and 

determined a qm of 17 mg L
-1

 (at pH 6-7 and 22 °C), which is lower than that attained by 

AC-MPTMS under similar conditions (at pH 8 and 25 °C). However, the commercial 

GAC used in the work of Moral-Rodríguez et al. [53] provided a qm of 213, 269 and 317 

mg L
-1

 at pH 7, 9 and 11, respectively (at 25 °C) , which are significantly higher than 

those obtained in this work for both AC-P and AC-MPTMS (Table S5 in SM).  

 

3.3. Activation energy and thermodynamic parameters for adsorption studies in 

buffered solutions (pH 8) prepared in ultrapure water 

The Ea values associated to the adsorption of SMX onto AC-P and AC-MPTMS, 

which were calculated by plotting ln k2 vs. 1/T (according to equation 1; Figure S6 in 

SM) and are depicted in Table 2, were 36 ± 13 and 61 ± 17 kJ mol
-1

, respectively. 

However, according to the t-Student test (t-test) for comparing the slope of the obtained 

regressions presented in Figure S6 (in SM), these are not significantly different at a 5% 

level, with the t experimental value (texp) being lower than the theoretical (or critical) t 

value (tcrit) [54] (Table S4, in SM). In any case, as for the Ea standing between 8.4 and 

83.7 kJ mol
-1

, activated chemisorption, which involves stronger adsorption forces than 

physisorption, may be inferred [30, 55]. With respect to the pre-exponential factor A, 
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which can be regarded as a collision probability factor [29], it has a very high value for 

AC-MPTMS (5.6 x 10
8
 ± 6.3x10

4
) comparing to that of AC-P (1.6 x10

4
 ± 2.9 x10

2
) 

(Table 2).  

For the determination of thermodynamic parameters, the calculation of Ke° was 

performed according to equation (5), where, considering the selection of Langmuir 

fittings to describe the experimental data (see section 3.2), Kg was equaled to KL. Then, 

ln Ke° was plotted vs. 1/T (according to equation 4; Figure S7 in SM). These plots 

allowed for the determination of ΔH°, ΔS° and ΔG°, which are depicted in Table 2. As it 

may be observed, for both AC-P and AC-MPTMS, the adsorption of SMX is a 

spontaneous process at the temperatures considered, since ΔG° presented negative 

values [56, 57]. Furthermore, for both materials, a slight decrease of the ΔG° values 

with the temperature was observed, indicating that the increase of the temperature is 

favorable for the spontaneity of SMX adsorption. As for the increasing KL with 

temperature (Table 1), ΔH° inferred from equation (4), presented positive values, viz. 

68.9 and 78.2 kJ mol
-1

, respectively for AC-P and AC-MPTMS, indicating the 

endothermic nature of the adsorption of SMX onto these materials. Endothermic 

adsorption (ΔH° > 0), which absorbs energy in the form of heat from its surroundings, is 

unequivocally attributable to chemisorption (although chemisorption is frequently 

exothermic, physisorption is always an exothermic process) [58, 59]; this is in 

accordance with what was inferred from the values determined for Ea . Endothermicity 

may be related with the dissociation of SMX molecules on chemisorption, with the 

dissociation energy being greater than the energy of bond formation with the surface. 

Consequently, since ΔG° accompanying any spontaneous process, as it is this case, is 

negative, endothermic adsorption always implies a positive entropy change. Indeed, ΔS° 

presented positive values for both systems, 356 ± 88 J mol
-1

 K
-1

 and 365 ± 96 J mol
-1

 K
-
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1
, AC-P and AC-MPTMS, respectively, which is in agreement with a dissociative 

mechanism [58]. 

ΔG° values similar to those obtained in this work, namely around -38 kJ mol
-1

 

[52] and -24 kJ mol
-1

 [51], have been respectively published for the adsorption of SMX 

onto pine tree AC and CTAB modified AC at temperatures within 288 and 318 K 

(Table S5 in SM). These authors [51, 52] also found that SMX adsorption onto the 

produced adsorbents implied an increase of entropy, but, contrarily to this work, the 

process was exothermic.  

 

3.4. Evaluation of AC-MPTMS in the adsorption of SMX from wastewater 

The thiol functionalized material AC-MPTMS was tested for the adsorption of 

SMX from an effluent of a local WWTP. The characterization of the used wastewater 

was as follows: pH of 7.99, conductivity of 3.03 mS cm
-1

, and a total organic content of 

21.5 mg L
-1

. 

Kinetic and equilibrium results on the adsorption of SMX from the real matrix 

onto AC-MPTMS are presented in Figure 4a and b, respectively, together with fittings 

to the considered models, while the fitted parameters are depicted in Table 3. By the 

kinetic fitting in Figure 4a, it may be observed that qt rapidly increases at the initial part 

of the curve and that the adsorption equilibrium is attained around 240 min. Comparing 

with the results obtained in ultrapure water buffered solutions (Figure 3b-1), the 

increase in the time necessary for reaching the equilibrium in the effluent is clear. This 

is also seen by the value estimated for the rate constant, k2, of PSO model (presenting 

the best fit correlation, Table 3), which is around half of the value obtained in buffered 

ultrapure water (pH 8) at 25 °C (Table 2).The values obtained for qe by the PSO model 

in wastewater were also smaller than the ones obtained in buffered solutions (pH 8). 
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Such a decrease in both qe and k2 may be related with the matrix effects in wastewater, 

namely, due to the presence of dissolved organic matter (DOM) [4]. A decrease of the 

fitted qe accompanied by an increase of k2 has been observed in some studies for the 

adsorption of other pharmaceuticals [60] and specifically for SMX [61] from 

wastewater, as compared with ultrapure water and for waste-based adsorbents. In any 

case, the k2 and fitted qe in Table 3 show that adsorption of SMX onto AC-MPTMS 

from wastewater was faster than SMX adsorption onto the functionalized biochar 

produced by Ahmed et al. [62] when used in synthetic wastewater at pH 4-4.25 (k2 = 

0.0002 g mg
-1 

min
-1

, qe = 12.15 mg g
-1

).
 

Relatively to the equilibrium study, the best isotherm model that fit the 

experimental data is the Langmuir model, predicting a maximum adsorption capacity of 

(16.1 ± 0.3) mg g
-1

 and a KL of (3.8 ± 0.4) L mg
-1

 (Table 3 and Figure 4b). In Figure 4b, 

the tendency for the formation of a plateau can be observed, corresponding to the 

monolayer adsorption. It is observed a great reduction in the Langmuir adsorption 

capacity in wastewater as compared with buffered solutions at pH 8 prepared in 

ultrapure water, namely from 48.9 ± 1.4 (Table 1) to 16.1 ± 0.3 mg g
-1

 (Table 3). 

Therefore, it may be concluded that the sulphur functionalization of AC-P did not result 

in a material with increased performance in wastewater. In any case, despite the lower 

value obtained in the wastewater matrix, the here obtained qm is in the same range as the 

determined for the functionalized AC produced by Sekulic et al. [21], which was 

applied in ultrapure water at pH 6-7 (Table S5 in SM). Moreover, the decrease of the 

adsorption capacity of AC towards micropollutants (including SMX) in wastewater as 

compared with ultrapure water has already been verified by other authors [60, 61, 63] 

and associated to adverse effects of competing wastewater matrix components on the 

adsorption of target micropollutants. Using ultrapure buffered water (pH 8.1) as 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

reference, Bonvin et al. [63] verified two to three-fold lower adsorption capacities for 

the adsorption of pharmaceuticals onto powder AC from wastewater effluent (pH 7.8 ± 

0.2). This reduction was especially evident in the case of pharmaceuticals showing a 

low carbon affinity, such as SMX [63]. Even at acidic pH, which favors SMX 

adsorption, Akpotu, Moodley [64] observed a decrease in the percentage of adsorption 

of this antibiotic by silica nanotubes graphene oxide (SNTGO) from real matrices, 

namely lake water and WWTP effluent. As already pointed out, background organic 

matter in wastewater reduces the number of adsorption sites available for 

micropollutants, either through direct competition for adsorption sites and/or pore 

blocking, and consequently decreases the adsorption efficiency of AC [4, 63]. 

 

4. Conclusions 

In this work, a functionalization of a waste-based activated carbon (AC-P) was 

performed in order to introduce thiol groups onto its surface, to obtain AC-MPTMS, 

and to study the effect of such functionalization on the adsorption of SMX. The 

physicochemical characterization of the AC-P and AC-MPTMS showed that these 

materials were quite similar, except for differences concerning SBET, types of oxygen 

functional groups and the relative percentage of sulphur groups. The kinetic adsorption 

results in buffered solutions prepared in ultrapure water (pH 8) were described by the 

PSO model, with k2 values varying between 0.005 and 0.013 g mg
-1

 min
-1

 for the 

adsorption of SMX onto AC-P and between 0.006 and 0.03 g mg
-1

 min
-1

 for the 

adsorption of SMX onto AC-MPTMS. These values allowed for the estimation of the 

SMX adsorption activation energy as 36 and 61 kJ mol
-1

 for AC-P and AC-MPTMS, 

respectively. The equilibrium results were described by the Langmuir model, with AC-P 

presenting maximum adsorption capacities at 15, 25 and 35 °C , of 113, 62, and 42.5 
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mg g
-1

, respectively; and for AC-MPTMS of 140, 48.9, and 28.0 mg g
-1

, respectively. 

The thermodynamic parameters ΔG°, ΔH°, and ΔS°, estimated from the equilibrium 

constants, pointed to chemisorption as the mechanism for SMX removal by AC-P and 

AC-MPTMS, with both materials presenting a spontaneous, endothermic, and 

entropically favorable adsorption of this antibiotic. The application of AC-MPTMS to 

real wastewater matrix showed a decrease of the performance of this material in the 

adsorption of SMX as compared to solutions prepared in ultrapure water. Hence, this 

study revealed that the specific surface area was determinant in the performance of the 

produced materials regarding the adsorption of SMX, playing a more decisive role than 

the proposed functionalization route. Indeed, the applied functionalization did not allow 

for overcoming the competitive effects of background organic matter in the adsorption 

of SMX from wastewater, with AC-P being the most interesting material for further 

applications as it combines slightly higher performance with simpler production 

procedures.  
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Figure 1. Pore size distribution determined for AC-P (grey line) and AC-MPTMS 

(black line). 

 

Figure 2. XPS high-resolution spectra (with deconvolution) of C1s, O1s, N1s and 

Si2s+S2p determined for AC-P (left) and AC-MPTMS (right). 

 

Figure 3. Experimental results from the kinetic (1) and equilibrium (2) studies on the 

adsorption of SMX from ultrapure buffered water (pH 8) onto a) AC-P and b) AC-

MPTMS at three different temperatures (15, 25 and 35 
o
C). Kinetic and equilibrium 

experimental results are represented together with fittings to the PSO model and 

Langmuir model, respectively.  

 

Figure 4. Experimental results from the a) kinetic and b) equilibrium studies on the 

adsorption of SMX onto AC-MPTMS from wastewater (at 25 ºC) together with fittings 

to the considered models. 

 

 

Table 1. Fitting results from the kinetic and equilibrium studies on the adsorption of 

SMX onto AC-P and AC-MPTMS from ultrapure buffered water (pH 8) at three 

different temperatures (15, 25 and 35 
o
C). 

Model / 

Parameter 

Adsorbent 

AC-P  AC-MPTMS 

Temperature  Temperature 

288 K (15 

ºC) 

298 K (25 

ºC) 

308 K (35 

ºC)  

288 K (15 

ºC) 

298 K (25 

ºC) 

308 K (35 

ºC) 

Kinetic fittings 

Pseudo-first order       

qe (mg g
-1

) 97 ± 4 89 ± 3 58.1 ± 0.6  50 ± 2 53 ± 2 37.2 ± 0.9 

k1 (min
-1

) 0.3 ± 0.1 0.3 ± 0.1 0.30 ± 0.03  0.20 ± 0.05 0.30 ± 0.08 0.40 ± 0.09 

R
2
 0.915 0.939 0.994  0.914 0.940 0.977 

Pseudo-second order       

qe (mg g
-1

) 101 ± 4 93 ± 2 59.1 ± 1.2  52 ± 2 55.0 ± 1.4 37.6 ± 0.9 

k2 (g mg
-1 

min
-

1
) 

0.005 ± 

0.002 

0.006 ± 

0.002 

0.013 ± 

0.004  

0.006 ± 

0.002 

0.009 ± 

0.003 0.03 ± 0.01 

R
2
 0.950 0.971 0.983  0.959 0.974 0.980 
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Isotherm fittings 

Langmuir        

qm (mg g
-1

) 113 ± 7 62 ± 3 42.5 ± 0.6  140 ± 20 48.9 ± 1.4 28.0 ± 1.5 

KL (L mg
-1

) 4.2 ± 1.2 19 ± 6 26 ± 4  0.24 ± 0.06 1.3 ± 0.1 1.9 ± 0.4 

R
2
 0.971 0.960 0.997  0.983 0.996 0.978 

Freundlich         

n 6 ± 2 16 ± 8 11 ± 3  1.51 ± 0.09 3.2 ± 0.3 3.9 ± 0.8 

KF (mg
1-1/n

 L
1/n

 

g
-1

) 88 ± 4 55 ± 2 39.2 ± 0.9  28.2 ± 1.1 27.1 ± 0.9 18.1 ± 0.7 

R
2
 0.943 0.940 0.989  0.988 0.987 0.961 

 

 

Table 2. Thermodynamic parameters calculated for the adsorption of SMX onto AC-P 

and AC-MPTMS. 

Carbon 

material 

Temperature 

(K) 

Activation 

energy,  

Ea (kJ 

mol
-1

) 

Pre-

exponential 

factor,  

A (g mg
-1

 

min
-1

) 

Isotherm 

model 

ΔGº  

(kJ mol
-1

) 

* 

ΔHº  

(kJ 

mol
-1

) 

ΔSº  

(J mol
-1

 

K
-1

) 

        

AC-P 288 36 ± 13 1.6x10
4
 ± 

2.9x10
2
 

Langmuir -33.2 ± 0.2 68.9 ± 

0.4  

356 ± 

88 
298 -38.1 ± 0.3 

308 -40.20 ± 

0.06 
        

AC-

MPTMS 

288 61 ± 17 5.6x10
8
 ± 

6.3x10
4 

Langmuir -26.4 ± 0.2 78.2 ± 

0.4 

365 ± 

96 
298 -31.48 ± 

0.02 

308 -33.5 ± 0.1 

* The value of ΔGº was calculated by equation (3) ΔGº = -RT ln Ke 

 

 

Table 3. Fitting results for the kinetic and equilibrium studies on the adsorption of 

SMX onto AC-MPTMS from wastewater (at 25 ºC). 

Kinetic fittings 

Model/parameter 

 Isotherm fittings 

Model/parameter 

 

Pseudo-first order  Langmuir  

qe (mg g
-1

) 18.6 ± 1.1 qm (mg g
-1

) 16.1 ± 0.3 

k1 (min
-1

) 0.06 ± 0.02 KL (L mg
-1

) 3.8 ± 0.4 

R
2
 0.866 R

2
 0.996 

    

Pseudo-second order  Freundlich  

qe (mg g
-1

) 19.69 ± 0.98 n  6.2 ± 0.6 

k2 (g mg
-1 

min
-1

) 0.004 ± 0.002 KF (mg1-1/n L1/n g-1) 12.4 ± 0.2 

R
2
 0.925 R

2
 0.995 
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Graphical abstract 

 

Highlights 

 

 Waste-based activated carbon (AC-P) was functionalized with thiol groups (AC-

MPTMS)  

 AC-P and AC-MPTMS were tested for the adsorption of sulfamethoxazole 

(SMX) from water 

 AC-P attained equal (at 15 
o
C) or larger (at 25 and 35 

o
C) Langmuir qm than AC-

MPTMS 

 For both AC-P and AC-MPTMS, Langmuir qm decreased with temperature 

while KL increased  

 Activation energy was slightly lower for SMX adsorption onto AC-P than onto 

AC-MPTMS  
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