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Abstract  

 The functionalization of a paper mill sludge-based activated carbon (AC) was 

addressed in this work for the first time. Four different procedures have been accomplished 

in order to introduce amine functional groups (AC-NH2 and AC-APTES), thiol functional 

groups (AC-MPTMS), and a covalent organic polymer (AC-COP) onto the AC surface. 

The materials were characterized showing that the functionalization was succeeded, with a 

reduction of the specific surface area (SBET), except for AC-MPTMS. The produced ACs 

were tested for the removal of six pharmaceuticals - carbamazepine (CBZ), lorazepam 

(LOR), sulfamethoxazole (SMX), piroxicam (PIR), paroxetine (PAR), and venlafaxine 

(VEN) - from different matrices (ultrapure water, ultrapure water with pH adjusted to 7.6, 

and effluent from a municipal wastewater treatment plant (WWTP)). The results indicated 

textural parameters, SBET, micropore area and micropore volume, as the main factors 

influencing the adsorption, except for AC-NH2 which showed a great specificity for PAR 

and VEN. Also, AC-MPTMS presented a high removal percentage of the antibiotic SMX in 

wastewater. Overall, AC-MPTMS and AC-APTES provided, respectively, the best and the 

poorest adsorptive performance. Although the functionalization did not result in the 

enhancement of pharmaceuticals’ adsorption as compared with the parent AC, the 

selectivity for some pharmaceuticals was highly improved. 

 

Keywords: Amination, Organosilane grafting, Adsorption, Wastewater treatment, 

Emerging contaminants 
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1. Introduction 

 Pharmaceuticals are a group of chemical substances, considered as emerging 

contaminants, which continuously enter the environment. The presence of these compounds 

in aquatic systems is well documented [1–4] and different sources were pointed out as the 

most relevant pathways of these compounds into the environment, mostly, urban, industrial 

or hospital wastewater treatment plants (WWTP), and aquaculture facilities [2]. Since 

pharmaceuticals were designed to induce a physiological response, their presence in the 

aquatic environment is concerning because of their potential to affect aquatic and human 

life [2,5]. European Union (EU) has already taken some preventive measures involving the 

monitoring of priority substances, where some pharmaceuticals were already included [6] 

assuming the need to develop effective strategies for water remediation.  

Among the different treatments for the removal of pharmaceuticals from water, 

adsorptive processes stand out for being efficient and easy to implement and avoiding the 

generation of transformation products [7]. Although commercially available activated 

carbon (AC) has been extensively studied for such application, the adsorptive removal of 

pharmaceuticals using alternative materials is a subject that has been addressed by several 

authors [8–10]. In this context, paper mill sludge-based AC has been recently reported to 

have a comparable or even higher performance than commercial AC for adsorption of 

pharmaceuticals from water [11]. Furthermore, in line with the circular economy paradigm, 

the production of such an AC means an environmental and economical sustainable 

management route for the waste produced in huge amounts by the paper industry. 

AC are characterized by a large specific surface areas (SBET) providing high 

adsorption capacity per mass unit. However, AC lack selectivity towards pharmaceuticals, 

which would be a relevant feature for the removal of these contaminants since their 
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concentration in wastewater is quite low as compared with others. Still, since 

pharmaceuticals from a vast number of therapeutic classes and with very different 

properties have already been identified in wastewater and environmental compartments 

[11,12], it would be also desirable to have an AC presenting high efficiency towards 

distinct pharmaceuticals. Therefore, apart from high SBET, chemical surface features for 

interaction with the target pharmaceuticals could be beneficial for increasing the efficiency 

of AC in drug adsorption-separation.  

In general, the modification of the AC surface has been mainly addressed in terms 

of oxidation, acidic or basic treatments [13–16]. The resulting materials, applied to water 

treatment, have been used for the removal of metal ions, or organic pollutants such as dyes, 

phenols, naphthalenesulphonic acids, dibenzothiophene, benazolin, 2,4-dichlorophenoxy 

acetic acid, and atrazine [16]. There are few examples concerning the application for the 

removal of pharmaceuticals from water, as the work by Guedidi et al. [12], who studied the 

adsorption of ibuprofen onto AC cloths modified by NaOCl oxidation and thermal 

treatment under nitrogen atmosphere, and that by Bhadra et al. [17], who carried out an AC 

modification by oxidation with further application in the adsorption of diclofenac. Also, 

some biologically modified AC were tested for the removal of organic contaminants, such 

as methyl tert-butyl ether, natural organic matter and organic micropollutants (17β-

estradiol, pesticides and bromate) [16]. Mines et al. [18], who highlighted the relevance of 

AC functionalization to expand their application for a wider range of pollutants, grafted a 

covalent organic polymer (COP) on the surface of an AC and tested the functionalized 

material in the removal of an azo dye and cadmium from water, resulting in a significant 

increase in the adsorption of the first. Besides these examples, the functionalization of AC 
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has been mostly studied for catalytic applications [19,20] and carbon electrodes [21,22], to 

get some insights on reaction mechanisms [23,24].  

In this context, the main aim of this work was to evaluate the effects of different 

chemical functionalization methodologies on the properties of a paper mill sludge-based 

AC for application in the removal of pharmaceuticals from water. For this purpose, the 

referred AC was modified recurring to four different functionalization methods, namely: 

direct amination to enhance the percentage of amine functional group [25], organosilane 

grafting with (3-aminopropil)triethoxysilane (APTES, with impact on the nitrogen content), 

organosilane grafting with (3-mercaptopropyl)trimethoxysilane (MPTMS, influencing the 

sulfur content) [26], and functionalization with a covalent organic polymer (COP) [18]. 

After a full characterization of the produced materials, they were tested for the adsorption 

of 6 pharmaceuticals from different classes and with different physicochemical properties 

in order to assess the impact of functionalization and allowing to select the most 

promissory modification route(s) for the target application. 

 

2. Experimental 

2.1. Chemicals and reagents 

The AC chemical functionalization was achieved using the following reagents: 

ethanol (99.9%, Riedel-de Haën), hydrochloric acid (HCl, 37% v/v, Carlo Erba), sulfuric 

acid (H2SO4, 95-97% v/v, PanReac), tin chloride (SnCl2, 98%, Sigma-Aldrich), 

isopropylamine (99.5%, Aldrich), (3-mercaptopropyl)trimethoxysilane (MPTMS, 95%, 

Aldrich), (3-aminopropyl)triethoxysilane (APTES, 95%, Aldrich), toluene (99.8%, 

Aldrich), dichloromethane (CH2Cl2, 99.9%, Sigma-Aldrich), thionyl chloride (SOCl2, 99%, 

Fluka), melamine (C3H6N6, 99%, Aldrich), dimethyl sulfoxide (DMSO, ≥99.5%, Sigma-
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Aldrich), diisopropylethylamine (DIPEA, 99%, Aldrich), terephthalaldehyde (>98.0%, 

TCI). The pharmaceuticals used for the adsorption experiments were carbamazepine (CBZ, 

Sigma-Aldrich, 99%), sulfamethoxazole (SMX, TCI, >98%), paroxetine (paroxetine-

hydrochloride, PAR, TCI, >98%), lorazepam (LOR, Sigma-Aldrich, 99%), piroxicam (PIR, 

Sigma-Aldrich, 99%) and venlafaxine (VEN, TCI, >98%). 

 

2.2. Materials synthesis 

2.2.1. AC synthesis 

The AC synthesis was performed as described by Jaria et al. [11]. Briefly, primary 

paper mill sludge (PS) was impregnated with a chemical activating agent (potassium 

hydroxide at a w:w ratio of 1:1). The impregnated PS was sonicated during 1 h in an 

ultrasound bath, dried at room temperature and then in an oven overnight at 105 °C. 

Subsequently, the material was subjected to pyrolysis under inert atmosphere, at 800 °C 

and for 150 min. The obtained carbon was then washed with hydrochloric acid (1.2 M), for 

the removal of ashes, and distilled water until the washing leachate reached neutral pH. The 

resulting material was oven dried at 105 °C and stored in a sealed container. 

 

2.2.2. Functionalization of AC 

The material from the previous step was used as precursor for the production of 4 

different functionalized AC: AC-NH2, AC-APTES, AC-MPTMS and AC-COP. The 

procedures for obtaining these functionalized AC are described next and summarized in 

Figure 1. 
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Direct amination  

In order to yield AC-NH2, the introduction of the amine functionalities into the 

phenylene moieties of the produced AC was reached using a two-step procedure described 

by Inagaki et al. for periodic mesoporous organosilica (PMO) [27] materials [25,28]. In a 

typical synthesis, the phenylene groups of AC (0.125 g) were first nitrated using 

concentrated acid solutions of HNO3 (0.7 mL) and H2SO4 (2.2 mL). After stirring at room 

temperature during 72 h, the obtained AC-NO2 was filtered-off, washed with distilled water 

and dried at 60 °C. Then, the AC-NO2 (0.102 g) was treated with SnCl2 (0.338 g) and HCl 

(3.2 mL) solution in order to reduce the nitro group to amine functionalities. The mixture 

was stirred at room temperature during 72 h. The obtained AC-NH2 was filtered-off, 

washed with distilled water followed by isopropylamine-ethanol solution, and finally it was 

dried overnight at 60 °C (Figure 1A). 

 

Organosilane grafting 

The AC-APTES and AC-MPTMS materials were obtained from AC using a similar 

procedure used to functionalize PMO materials [26]. After the activation of the pores of the 

AC material (0.125 g), dry toluene (5 mL) was added. Then APTES (0.192 mL) or 

MPTMS (0.154 mL) were added drop wise to the suspension to obtain AC-APTES and 

AC-MPTMS, respectively. The mixtures were vigorously stirred for 24 h. The 

functionalized AC were filtered off, washed with dry toluene to remove unreacted species 

and further washed with a large amount of distilled water. Finally, both materials were 

dried overnight in an oven at 60 °C (Figure 1 B and C). 
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Functionalization with an organic polymer 

The covalent organic polymer attached AC (AC-COP) was synthetized using a 

procedure similar to that reported by Mines et al. [18]. First, the oxidation of the AC 

(resulting in AC-Ox) was made by refluxing 5 g of AC with 50 mL of concentrated HNO3 

during 24 h. The AC-Ox was further washed with large amount of ultrapure water until 

reaching neutral pH. Then the AC-Ox was oven dried at 110 °C for 72 h. After activation of 

AC-Ox in vacuum at 110 °C, 1 g of this material was refluxed under nitrogen atmosphere 

with a mixture of 40 mL CH2Cl2, and 20 mL SOCl2. After 24 h, the acylchloride modified 

AC (AC-Thio) was obtained by removing the solvent by vacuum distillation. Finally, a 

melamine modified AC material (AC-Mel) was obtained as follows: under inert conditions, 

2 g of AC-Thio were treated with a sonicated solution of 0.150 g of melamine dissolved in 

60 mL of DMSO and 1 mL of DIPEA. The mixture was heated to 120 °C for 24 h. The 

AC-Mel material was filtered, washed three times each with DMSO, ultrapure water and 

ethanol and dried in vacuum for 8 h at 110 °C. The preparation of AC-COP was made in a 

typical synthesis, where 0.368 g of melamine and 0.23 g of terephthalaldehyde were 

sonicated with 69 mL of DMSO under N2 atmosphere. Then, 0.460 g of AC-Mel material 

were added into the solution, under inert atmosphere. The obtained mixture was stirred 

under reflux for 48 h. The AC-COP material was filtered-off, further washed three times 

with DMSO, acetone, ultrapure water and ethanol and finally, it was dried (Figure 1D). 

 

2.3. Characterization of the synthesized materials 

The AC and functionalized AC were characterized by -196 °C N2-sorption 

isotherms, elemental analysis (EA), Attenuated Total Reflectance Fourier transformed 

infrared (ATR-FTIR) spectroscopy, Raman spectroscopy, thermogravimetric analysis 
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(TGA), and point of zero charge (pHpzc). Also, AC-NH2 and AC-MPTMS, which were the 

functionalized AC presenting the best results in terms of adsorption percentage, were 

further analyzed by X-Ray photoelectron spectroscopy (XPS) and scanning electron 

microscopy (SEM). More information concerning the used characterization techniques 

(specific methods, equipment models and conditions used) can be found in the electronic 

supplementary information (ESI). 

 

2.4. Adsorptive removal of pharmaceuticals from water 

Batch adsorption experiments were performed to evaluate the efficiency of the AC 

and functionalized AC for the removal of six different pharmaceuticals from water: the 

anti-epileptic CBZ, the anxiolytic LOR, the antibiotic SMX, the non-steroidal anti-

inflammatory PIR, and the antidepressants PAR and VEN. These six compounds were 

chosen for this study so to encompass pharmaceuticals from different therapeutic classes, 

with different pKa, and different chemical structures (please see Table S1 in ESI for more 

details). This selection aimed at finding out possible connections between adsorption 

behavior, pharmaceuticals properties and the features of the AC.   

Single component pharmaceutical solutions, with an initial concentration of 5 mg·L
-

1
, were prepared and put in contact with each produced material (at a dosage of 25 mg·L

-1
) 

in 50 mL polypropylene tubes. This dose of material, based on preliminary studies, was 

selected in order to have quantifiable removal percentages of each pharmaceutical under the 

studied conditions. In this way, it was avoided using different doses for different systems, 

which would imply the impossibility of a direct comparison of the results. The tubes were 

shaken in a head-over-head shaker for 24 h, at 80 rpm and controlled temperature (25.0 ± 

0.1 °C) since, on the basis of previous studies, it was possible to attain equilibrium in these 
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conditions [29]. All the experiments were run in triplicate. Control experiments, consisting 

of the pharmaceutical solution in the absence of the adsorbent, were also run. After the 

defined contact time, the solutions with the suspended AC were filtered through 0.22 µm 

PVDF filters (Whatman) and the remaining concentration of the pharmaceutical in the 

aqueous solution was determined by Micellar Electrokinetic Chromatography (MEKC), as 

described in ESI. 

All the adsorption experiments were performed in three different matrices: ultrapure 

water without pH adjustment (pH ~ 5.5 to 6), ultrapure water with pH adjusted to 7.6 

(adjusted with 1 M sodium hydroxide and 1M hydrochloric acid) and the final effluent from 

an urban WWTP (pH ~ 7.6). The pH for the experiments run in ultrapure water with 

adjusted pH was selected according to the pH of the collected WWTP effluent. This pH 

was considered to be representative of urban WWTP final effluents, which would be the 

target application of the developed materials. The use of different aqueous media aimed at 

evaluating the effects of the pH and matrix complexity in the adsorption performance.  

The effluent water for the adsorption experiments was collected between July and 

September 2018 at the outlet (after biological treatment) of a local urban WWTP (Aveiro, 

Portugal), designed to serve 159 700 population equivalents. The effluent was filtered 

through 0.45 µm membrane disc filters (Supor
®

, Gelman Sciences) and stored at 4 °C until 

use in the subsequent days.  

 

3. Results and Discussion  

The results obtained for the functionalization of the AC and their discussion are 

presented in two parts: the first one considers the physicochemical characterization of the 

AC and functionalized AC (section 3.1.), and the second part (section 3.2.) addresses the 
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results related with the adsorption removal of the six studied pharmaceuticals by the 

produced materials, in 3 different aqueous matrices. 

 

3.1. Characterization of the synthesized materials 

The physical and textural properties of the AC and functionalized AC were studied 

by low temperature N2 adsorption-desorption isotherms. Figure S1 (in ESI) displays the N2-

sorption isotherms and Table 1 summarizes the textural features of the AC and 

functionalized AC. The presence of different micro, meso and macropores was verified. 

The majority of the synthesized materials present an isotherm resembling a Type Ib 

(IUPAC classification) [30], usually observed for microporous materials with wide 

micropores and possibly narrow mesopores (≤ 2.5 nm). Nonetheless, the NH2-AC presents 

a Type Ia isotherm (IUPAC classification) [30], typically observed in microporous 

materials presenting mainly narrow micropores (≤ 1 nm). In all cases, some Type II 

(IUPAC classification) [30] character is also observed and can be associated to the presence 

of non-porous or macroporous fractions. All materials show a H4 hysteresis, which is often 

found in micro-mesoporous carbons. As can been seen in Table 1, the unmodified AC 

presents the highest SBET of approximately 1000 m
2
·g

-1
 and the highest t-plot micropore 

area (Smicro) of above 442 m
2
·g

-1
. The modification of the AC with different functionalities 

led to a reduction of both SBET and Smicro for all materials with exception of AC-MPTMS, 

where only the Smicro was reduced. The SBET decreased in the order: AC > AC-MPTMS > 

AC-APTES > AC-COP > AC-NH2. Thus, AC-NH2 is the material with the lowest values of 

both SBET and Smicro, 195 and 101 m
2
·g

-1
, respectively. This can be explained by the size and 

diffusion of the functionalization reactants into the pores of the non-functionalized AC. For 

example, the NH2 group is the smallest introduced functionality, thus it is expected to be 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

12 
 

the one that has better diffusion into the pore channels of the AC, which is confirmed by the 

highest reduction in the pore volume (Vp), from 0.49 cm
3
·g

-1
 (AC) to 0.12 cm

3
·g

-1
 (AC-

NH2).  

Figure 2 shows a comparison of the pore size distribution (PSD) curves of AC and 

functionalized AC. All modifications in the AC led to a reduction of the mesopores, more 

pronounced in the AC-NH2. Also, the modification of the AC promotes a slight shift to left 

in the pores between 1.2 and 5 nm, confirming the introduction of some functional groups 

into the pore channels of the parent AC. A slight reduction in the volume adsorbed into the 

bigger micropores (between 1.2 and 2 nm) is also observed for the functionalized AC, with 

exception of AC-MPTMS. 

SEM micrograph images, depicted in Figure 3, show the morphological 

characteristics of AC, AC-NH2 and AC-MPTMS. AC and AC-NH2 seem to be in large 

aggregates of smooth surface particles almost without visible macroporosity (Figure 3a-b) 

while AC-MPTMS display a roughness surface particle full of macropores (Figure 3c). 

These characteristics are in agreement with the Type II character detected in the N2-

sorption isotherms (Table 1). 

 The chemical composition of the AC was verified by FTIR spectroscopy, elemental 

analyses and XPS. In Figure S2 (ESI) it is possible to observe the FTIR spectra of the 

parent AC material, where no distinguishable peaks are noticed, settling the absence of 

significant functionalities. The direct amine modification of the phenylene groups of the 

AC can be detected by the presence of two peaks at 1556 and 1197 cm
-1

 attributed to the 

formation of N–H and C–N bonds, respectively. The grafting of APTES and MPTMS 

reactants to the surface of the AC was also confirmed by FTIR (Figure S2 in ESI).The AC-

COP shows peaks at 1722, 1581, 1506, 1336, 1205, 1093, 790, and 786 cm
-1

, similar to 
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those observed by Mines et al. [18] in their functionalized AC, as for the COP contained 

within the matrix. 

In Raman spectra (Figure S3 in ESI), one can observe that all the materials present 

two pronounced bands around 1300-1350 and 1600 cm
-1

 that may be attributed to D and G 

bands, respectively, which are typical of AC [31,32]. The D band is related to the disorder 

of the carbon atoms, highlighting the defects in the carbon structure. The G band is 

associated to the graphitic carbon, therefore, to the more ordered, symmetrical and 

crystalline part of the structure [31]. The materials are very similar, with the D band being 

more intense than the G band. Additionally, all AC present a broad band at the far wave 

number side (represented as the 2D or G’ region, 2400 to 3250 cm
−1

). This can be related 

with the presence of graphitic species. Both S–H and N–H stretching bands are difficult to 

be identified in the functionalized AC and should appear between 2500 and 2700 cm
−1

 and 

between 3100 and 3400 cm
−1

, respectively. Both pristine AC and AC-MPTMS also show 

an intense band at 3450 cm
−1

, assigned to the presence of O–H stretching modes of the 

phenolic or hydroxyl groups [33,34]. 

Table 2 shows the CHNS content of the AC and functionalized AC. The aromatic 

amination of the phenylene moieties of the parent AC (AC-NH2) was successfully achieved 

by incorporation of 3.3% of nitrogen content. The AC-APTES and AC-MPTMS display 2.6 

and 2.7% of N and S, respectively, demonstrating that the grafting reaction of APTES and 

MPTES functionalities with the free OH groups of the AC was effectively accomplished. 

These results are in agreement with those obtained by FTIR analysis (Figure S2). The AC-

COP has the highest N content (11.2%) among the materials produced in this work while 

its S content is negligible (0.2%). 
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The pHpzc of each of the produced materials is also depicted in Table 2. As it may be 

seen, the lowest pHpzc is that of AC (pHpzc = 3.9), while the functionalized materials 

displayed values between 4.9 (AC-COP) and 6.6 (AC-MPTMS). 

The survey XPS spectra for AC-NH2, AC-MPTMS, and AC are shown in Figure S4 

(in ESI) along with the respective high-resolution spectra for C1s, O1s, N1s and S2p+Si2s. 

The results regarding the fittings and the possible bond assignments are presented in Table 

3. 

 The overview spectra (Figure S4) show that all carbon materials present a high 

content in carbon followed by oxygen. In the AC-NH2 overview spectrum it is possible to 

observe a peak in the N1s region, and in the AC-MPTMS spectrum a double peak in the 

S2p+Si2s region is observed, confirming that the functionalization of the AC succeeded. 

Also, in the case of AC-NH2, a peak associated to the presence of Sn (around 490-488 eV) 

can be observed, possibly due to the use of SnCl2 in the synthesis process. 

The high-resolution spectra for C1s show that the majority of the carbon is in the 

graphitic form (sp
2
) and as C─C and C─H (sp

3
) on the edge of graphene sheets [35]. The 

peak at 287.2 eV is generally associated to carbon-oxygen bonds, however, some authors 

also ascribed this peak to C=N and C─N bonds [35,37,39,40]. The appearance or increase 

of this peak is expected in silylated materials (AC-MPTMS) and have been attributed to the 

new C─O bonds due to the unreacted alkoxy groups in organosilane [37]. The peaks at 

288-289 eV can be attributed to O─C=O from carboxylic groups, anhydrides and esters 

[35,39] and in the case of AC-MPTMS, may be due to the presence of unreacted carboxyl. 

In the N1s spectrum of AC-NH2, the peaks at 399.6 eV and 400.3 eV are in 

accordance with the peak at 286.2 eV in C1s [19,37,39]. Also, the peak at 402.8 eV, 
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attributed to the presence of some oxidized forms of nitrogen [35,37–40,42], may be due to 

residual unreactive C─NO2 species from the reduction step of the synthesis. 

The O1s spectra of the different materials are very distinct from each other, 

indicating the presence of the same functionalities but at very different relative intensities. 

The peaks at 531-532 eV present a higher relative intensity for AC-MPTMS, which may be 

due to residual components of the synthesis. 

The thermal stability of the materials was assessed by TGA up to 800 °C and both 

the TGA and derivative TGA (DrTGA) results are presented in Figure S5 (ESI). The first 

weight loss observed below 150 °C is related to desorption of physisorbed water. The 

parent AC presents a second decomposition at 210 °C of 3% that can be assigned to the 

decomposition and release of hydroxyl and carboxylic acid groups of the AC surface. The 

decomposition and release of other organic moieties of the AC starts around 350 °C. The 

modification of the phenylene moieties of the AC with the NH2 groups was confirmed by 

TGA. The functional groups produced by the nitration/oxidation of the AC material and 

amine functionalization decompose at temperatures below 400 °C. The organic moieties’ 

degradation and release of the AC material occurs below 615 °C (with maximum at 535 

°C). The grafting modification of the AC with APTES and MPTMS leads to a slight 

increase in the thermal stability of the material, with the decomposition and release of 

amino-propyl (≈ 9%) and mercapto-propyl (≈ 6%) groups at 220 and 265 °C, respectively, 

followed by the decomposition of the materials that starts at approximately 390 °C. In the 

case of AC-COP, it presents a TGA curve that is very similar to that observed by Mines et 

al. [18] for a COP functionalized AC. 
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3.2. Adsorptive removal of pharmaceuticals from water 

The results concerning the single adsorption of the pharmaceuticals onto AC and the 

functionalized materials are presented in Figure 4. Overall, among all the materials, AC-

APTES is the one that presents lower adsorption percentages while AC and AC-MPTMS 

display the greater efficiencies for the pharmaceuticals considered. In any case, the 

adsorption of each pharmaceutical was very different, with PAR being the most adsorbed 

one, except for AC-MPTMS in ultrapure water and AC-APTES in ultrapure water and 

ultrapure water at pH 7.6. Contrarily, SMX was generally poorly adsorbed, except for AC-

MPTMS, which furthermore showed larger SMX adsorption in the WWTP effluent than in 

the other matrices.  

PAR presents, in all matrices, a positive net charge, which means that, in ultrapure 

water, π-cation interactions can be present, and in the matrices at pH 7.6, electrostatic 

interactions are likely to highly favor adsorption due to the negative net charge of the 

materials at this pH (as for the pHpzc, in Table 2). Furthermore, PAR has a fluorine atom, 

the most electronegative halogen, which may potentiate hydrogen bonds with hydrogen 

bond donors such as C‒H, N‒H, and O‒H present in the AC surfaces in the form of amines, 

hydroxyls and carboxyls. This may explain the differences in the adsorption of VEN, which 

is also positively charged in all matrices, but is consistently less adsorbed by all the AC. 

Regarding CBZ and LOR, they are in the non-ionizable form (pKaCBZ = 2.3 and 

13.9; pKaLOR = 1.3 and 11.5) in the three matrices, hence electrostatic interactions may not 

play a significant role in their adsorption. Some authors [45–48] have suggested that the 

adsorption of CBZ onto carbon materials (such as AC, graphene, carbon nanotubes) is ruled 

by aromatic-aromatic interactions due to the formation of π-π electron donor-acceptor 
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(EDA) complex between CBZ benzene ring (π-electron acceptor) and the aromatic benzene 

rings of AC or electron-rich carbonyl groups (π-electron donors).  

SMX and PIR adsorption from ultrapure water is quite larger onto AC than onto the 

functionalized materials, except for AC-MPTMS. If just affected by pH related electrostatic 

interactions, the adsorption of these two pharmaceuticals would be expected to decrease in 

ultrapure water at pH 7.6 and effluent, where they are mainly in the negative form and AC 

also have a negative net charge. However, this is not fully verified for the adsorption of 

SMX onto AC and AC-MPTMS and so some specific interactions may be underneath. It 

has been referred that when the interactions between adsorbate and adsorbent include 

repulsive electrostatic forces, the increase in the ionic strength may favor adsorption [49], 

which could explain the relatively high adsorption of SMX onto AC-MPTMS in effluent 

matrix. It is important to note that the adsorption process in effluent matrix may be 

influenced by the presence of organic matter and also the ionic strength [49,50], which can 

either positively or negatively influence the adsorption depending on the adsorbent and the 

adsorbate. This can be clearly seen in this study, where no apparent similar pattern is 

observed when changing the test matrix from ultrapure water to WWTP effluent. 

A principal component analysis (PCA) was carried out in order to find out possible 

correlations between the normalized adsorption percentages and the physicochemical 

properties of the studied pharmaceuticals. Results are shown in Figure S6 (ESI), which 

evidences that the pharmaceuticals are assembled in three groups: (i) SMX and PIR; (ii) 

CBZ, LOR and VEN; (iii) PAR. Adsorption onto AC-NH2 appears to be especially affected 

by the pharmaceuticals hydrophobicity (log Kow) and solubility (Sw) while onto AC-COP, 

Sw is the most relevant property. Meanwhile, for AC-MPTMS and AC-APTES, the polar 
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surface area (PSA) and the number of H bond acceptors (Hbond-ac) are generally the main 

properties influencing the pharmaceuticals adsorption.  

In order to find out if there was any relation between the adsorption of 

pharmaceuticals and the SBET, data on the adsorption percentage were normalized for the 

SBET of the materials, as depicted in Figure S7. The normalization shows that the AC-NH2 

is the material having the largest adsorption regarding its SBET. Also, Figure S7 further 

evidences the selectivity of AC-NH2 for the antidepressants PAR and VEN for both 

ultrapure water matrices (no pH adjustment and pH adjusted to 7.6) and for PAR in effluent 

matrix, that was intuited in Figure 4, so indicating that the SBET is not the main factor 

influencing the adsorption of these two drugs. Some selectivity not related with SBET may 

be also perceived for the adsorption of PAR by AC-COP (Figure S7). Aiming to 

schematize the influence of the AC properties, the adsorption percentage of the six 

pharmaceuticals onto each material was plotted vs its SBET, Smicro, Vp, Vmicro, % N, % S, and 

pHpzc, for the three matrices (Figure S8). As it may be seen, the adsorption of each 

pharmaceutical from the three matrices showed a different pattern. For a more 

comprehensive analysis of the results, a principal component analysis (PCA) was applied to 

the experimental data (results are presented in Figure 5). The first and second principal 

components (PC1 and PC2, respectively) account for 80.5% of the variability, while the 

three components (PC1, PC2, and PC3) account for 93.7% of the variability, therefore, the 

three components were considered for the analysis. 

The PCA plots (Figure 5), in particular those concerning PC1, evidence that the 

adsorption of the considered pharmaceuticals from the three matrices is mostly influenced 

by the SBET, Smicro and Vmicro of the AC. However, and despite AC and AC-MPTMS having 

similar SBET, the adsorption percentages of all pharmaceuticals, except SMX, is mostly 
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equal or higher onto AC. Therefore, other factors may be influencing the adsorption of 

these pharmaceuticals in these matrices. One of those factors may be related to the pore size 

distribution (Figure 2). AC has a higher cumulative pore volume in the range 3-5 nm 

(mesopores), while AC-MPTMS has a greater prevalence of pores in the range 1-2 nm 

(micropores). This difference can be an important factor concerning the adsorption of 

pharmaceuticals, which in principle is favored by the presence of mesopores due to their 

large molecular size. 

As illustrated by Figure 5, total pore volume (Vp) and surface functionality, namely, 

the amount of sulfur heteroatoms (% S) also seem to play a role in the adsorption of the 

studied pharmaceuticals, while the content in nitrogen (% N) looks as having little 

influence (Figure 5, plots PC1 vs PC2 and PC1 vs PC3). The latter is evidenced by the fact 

that AC-APTES, which is the material with the highest % N, visibly displays lower 

adsorption for all systems. In fact, even AC-NH2, which possesses the lowest SBET, shows 

greater adsorption percentages, in particular for positively charged pharmaceuticals (PAR 

and VEN), in comparison with AC-APTES. The higher adsorption of PAR and VEN onto 

AC-NH2 as compared with AC-APTES, which is especially interesting since these 

materials are both aminated, cannot be explained by the textural properties. Therefore, it 

may be related to differences in the surface chemistry of the materials. AC-NH2 has 

aromatic amino groups at the surface, while AC-APTES has propyl amino groups. 

Additionally, AC-NH2 presents tin oxide (SnO2) nanoparticles that can influence the 

interaction with PAR and VEN (Figure S4a). Thus, this improvement in the adsorption 

properties of the AC-NH2 can be also related to acid–base and electrostatic interactions of 

PAR and VEN with the Lewis acid sites of SnO2 [51,52]. 
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Apart from the previously commented, another materials’ property included in the 

PCA was pHpzc. pH is known to have an important role in the adsorption mechanism as it 

affects the protonation or deprotonation of the adsorbates and the surface charge of the AC 

[53]. The introduction of different functionalities onto the AC surface resulted in materials 

with different pHpzc (between 3.9 and 6.6, Table 2). Still, in each matrix, all the AC are in 

the same protonation state. Thereupon, as for the PCA results (Figure 5), pHpzc appears to 

have no relevant influence in the adsorption of the studied pharmaceuticals.  

In view of the above results, it may be stated that, globally, the parent AC followed 

by AC-MPTMS were the materials providing the best adsorptive performance for the 

considered pharmaceuticals and matrices. This must be related with the reduction in SBET 

that, except for AC-MPTMS, resulted from functionalization. Still, it was here observed 

that some functionalized AC shown remarkable properties and/or a distinct behavior that 

may be useful for specific applications. Considering that this is a pioneer work on the 

functionalization of waste derived AC, the obtained results are the basis for a novel 

research line. In order to further elucidate the mechanistic aspects that rule the adsorption 

process, in particular for the materials that presented the best removal percentages, kinetic, 

equilibrium and thermodynamic studies will be the focus of future works. Also, it would be 

relevant to decrease the impact of functionalization on the SBET to allow for and improve 

the adsorption of a wider range of pharmaceuticals. This may be especially relevant in the 

case of antibiotics, which are generally poorly adsorbed and whose presence in the aquatic 

environment is related to antibiotic resistance. Additional applications of the functionalized 

materials, namely in the adsorptive removal of other pollutants, are also to be studied. 
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4. Conclusions 

The functionalization of a paper mill sludge-based AC was successfully achieved 

considering the addition of the specific functional groups onto the AC: amine groups (AC-

NH2 and AC-APTES), sulfonic groups (AC-MPTMS), and a covalent organic polymer 

(AC-COP). Comparatively with the parent AC, this addition resulted in the reduction of 

both SBET and Smicro for all materials with exception of AC-MPTMS, for which just Smicro 

decreased. The application of the functionalized AC in the removal of the six 

pharmaceuticals considered in this study (CBZ, LOR, SMX, PIR, PAR and VEN) from 

ultrapure water, ultrapure water at pH 7.6 and effluent from a WWTP revealed that the 

adsorption of each pharmaceutical in each matrix showed distinct patterns, with the non-

funcionalized AC mostly displaying the best performance. Textural parameters, namely 

SBET, Smicro and Vmicro had the greatest influence in the adsorption of these pharmaceuticals, 

with Vp and % S also playing a role and % N having little repercussion. On the other hand, 

according to their pHpzc, the produced AC were all at the same protonation state in each 

matrix, so pHpzc was not a key property for the adsorption of the pharmaceuticals.  

Regarding the impacts of functionalization for the target application, it may be said 

that grafting the organic polymer is a time-consuming process and AC-COP did not present 

any enhancement in the adsorption of pharmaceuticals. When comparing AC-APTES with 

AC-NH2, despite the former having highest SBET, it showed a poorer performance than AC-

NH2. On the other hand, AC-NH2 showed some specificity for the antidepressants PAR and 

VEN, which may be advantageous. Regarding AC-MPTMS, it was the functionalized 

material providing the best global performance, which was almost comparable to that of the 

parent AC. Still, the remarkable affinity of AC-MPTMS for SMX in wastewater may be a 

relevant feature for specific applications. Overall, despite the decrease of the adsorption 
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properties of the AC after functionalization, the selectivity of the AC modified with 

MPTMS and aromatic amino groups increase, which is advantageous for the selective 

removal of pharmaceuticals. This was a pioneering work on the functionalization of waste 

derived AC with novel results on the properties and application of the functionalized 

materials that opens a new research line in this field. 
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Figure captions 

 

Figure 1. Schematic representation of the functionalization procedures: A- Direct 

amination; B – Organosilane grafting with APTES; C – Organosilane grafting with 

MPTMS; and D – functionalization with an organic polymer (COP-19, based on Mines et 

al. [18]). 

 

Figure 2. Pore size distribution of AC and functionalized AC. Pore width was obtained 

from the non-linear density functional theory (NLDFT). 

 

Figure 3. SEM images of crushed samples of a) AC, b) AC-NH2, and c) AC-MPTMS. 

 

Figure 4. Adsorption of the six studied pharmaceuticals (CBZ, LOR, SMX, PIR, PAR and 

VEN) in different matrices (ultrapure water, ultrapure water at pH 7.6 and WWTP effluent) 

onto the AC and the functionalized AC. Error bars correspond to standard deviations (n = 

3). 

 

Figure 5. PCA plots for the principal components PC1, PC2 and PC3. Ultrapure water, 

ultrapure water with pH adjusted to 7.6 and WWTP effluent are represented by the colored 

solid lines, dash lines and dotted lines, respectively. Black lines correspond to the 

physicochemical characteristics considered in this analysis.  
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Table 1. Textural properties of AC and functionalized AC. 

 

Sample SBET / m2·g-1 Smicro
a / m2·g-1 VP

a / cm3·g-1a Vmicro
a / cm3·g-1a 

Isotherm type 

(hysteresis) 

AC 994 442 0.49 0.19 Ib + II (H4) 

AC-NH2 195 101 0.12 0.04 Ia + II (H3) 

AC-APTES 650 207 0.43 0.09 Ib + II (H4) 

AC-MPTMS 993 379 0.56 0.17 Ib + II (H4) 

AC-COP 410 98 0.34 0.06 Ib + II (H4+H3) 
a 

Smicro (microporous area) and Vmicro (micropore volume) values were determined by the t-plot method. 
b
Vp 

corresponds to the Barret-Joyner-Halenda (BJH) adsorption cumulative pore volume applying the Kruk-

Jaroniec-Sayari correction. 

 

 

Table 2. Elemental analyses and point of zero charge (pHpzc) of AC and functionalized AC. 

 

Sample % C % H % N % S H/C pHpzc  

AC 58.2 1.1 0.6 0.3 0.019 3.9 

AC-NH2 50.1 3.2 3.3 0.5 0.064 5.2 

AC-APTES 54.1 2.2 2.6 0.6 0.040 6.6 

AC-MPTMS 55.7 1.0 0.4 2.7 0.018 5.2 

AC-COP 51.3 2.9 11.2 0.2 0.057 4.9 

 

 

Table 3. X-ray photoelectron spectroscopy (XPS) results for AC, AC-NH2 and AC-MPTMS. 

  AC-NH2  AC-MPTMS  AC 
[29]

 
 

 
Peak 

Binding 

Energy (eV)   

Binding 

Energy (eV)  
 

Binding 

Energy (eV) 
Possible bond assignment 

C 1s 1 284.9  284.3  284.4  Graphitic C (sp
2
) [35]

 

 2   285.3  285.3  C-C on the edge of graphene sheets (sp3) C-H [35] 

  286.2     Single bond C-O (phenolic or hydroxyl groups) 

[35,36] 

C─C bonds from the organosilane alkyl chain [37] 

(for AC-MPTMS) 

C─N bonds of aliphatic amines groups or due to the 

incomplete reduction of C─NO2 in the synthesis step 

[37,38] (in particular for AC-NH2) 

 3   286.2  286.1 

  287.2     Carbon-oxygen bonds; C=N and C─N bonds 

[35,37,39,40] 

C─O bonds due to the unreacted alkoxy groups in 

organosilane [37] (for AC_MPTMS) 

 4   287.2   

  288.7     O─C=O from carboxylic groups, anhydrides and 
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 5   288.5  289.2 esters [35,39] 

  290.0     π- π* transitions in C [35] 

 6   290.4  290.5 

  291.7     Plasmon band in C [41] 

O 1s 1 531.6  532.0  531.1 Carbonyl (–C=O) oxygen atoms in lactones, 

anhydrides and oxygen atoms in hydroxyl groups 

[19,35] 

 2 533.6  533.5  532.6 –C–O–C– in ether and phenol groups [37] 

 3     533.9 Oxygen in carboxylic groups (–COOH or –COOR) 

[35] 

  535.8  536.1   Chemisorbed water or oxygen [35] 

 4     536 

N 1s 1 399.6    397.7 Nitrogen from amine, imine or amide groups (─NH2, 

C=N, N─C=O) [19,37,39] 

Pyridonic or pyrrolic nitrogen (N5) [35,37–40,42] 

 2 400.3    399.6 

 3 401.6    401.5 Quaternary nitrogen (N-Q) [35,37–40,42] 

 4 402.9    402.9 Nitrogen oxides or nitrates (N-X) [35,37–40,42] 

Si2s+S2p 1   153.3   Silanes [43]  

 2   154.0   

 3   163.1   Thiol moieties (–SH) [37,43] 

 4   164.1   Sulfur-carbon (S–C) bonds [37,43] 

 5   168.2   Sulfoxide groups [44] 
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Graphical abstract 

 

Highlights 

 

1. An alternative activated carbon (AC) was functionalized with N and S groups  

2. The functionalized ACs were tested for the adsorption of 6 pharmaceuticals  

3. Adsorption tests were done in water, water with adjusted pH 7.6 and wastewater  

4. Textural parameters were the most influencing factors in pharmaceuticals adsorption  

5. The functionalized ACs showed distinct behaviour for the different pharmaceuticals 
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