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Abstract 

Silica@polymer spheres with a core@shell structure were synthesized and thermally annealed 

at 800 ºC to obtain silica@carbon spheres (SiO2@CSs). The silica core was then removed by 

etching with sodium hydroxide and hollow carbon spheres (CSs) were thus obtained. The 

particle size of both SiO2@CSs and CSs increased with the ethanol/water (E/W) volumetric 

ratio (2, 4.5, and 7) employed in the first synthesis step (i.e., during the application of the 

Stöber's method to obtain silica particles). Moreover, the average diameter of the materials 

prepared with E/W ratio of 2 was affected by the etching of the SiO2 core (from 168 to 109 nm), 

in contrast with those synthesized at higher E/W ratios of 4.5 and 7 (251 to 245 and 270 to 

284 nm, respectively). The specific surface area (SBET) of the CSs ranged from 271 to 602 m2 

g-1, which are more porous than SiO2@CSs (SBET in the range 115 to 144 m2 g-1). Adsorption 

kinetic and equilibrium studies were then carried out with diclofenac and venlafaxine as model 

organic micropollutants (OMPs). Despite the silica removal was not effective for all the CSs 

prepared (TGA residue ranging from 3 to 46 wt.%), the kinetic studies confirmed the positive 

effect of having a hollow core (i.e., removing the silica core). Equilibrium studies demonstrated 

that CSs prepared with an E/W volumetric ratio of 7 were the best performing material when 

considering both OMPs. Thus, these CSs are an interesting option for water or wastewater 

treatment. 
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EU, European Union; E/W, ethanol/water; F, formaldehyde; HPLC, high-performance liquid 

chromatography; HS, hydroxymethyl-substituted; NMs, nanomaterials; OMP, organic 

micropollutant; PS, priority substance; R, resorcinol; RF, resorcinol-formaldehyde; SE, 

secondary electron; SEM, scanning electron microscopy; SEM-EDS, Scanning electron 

microscopy coupled to energy-dispersive X-ray spectroscopy; TEOS, tetraethyl orthosilicate; 

TGA, thermogravimetric analysis; VFX, venlafaxine; WFD, Water Framework Directive; 

WWTP, wastewater treatment plant. 
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1. Introduction 

Over the last few decades, the occurrence of pollutants in the aquatic environment has raised 

increasing concern due to the possible impact on wildlife and human health [1,2]. Organic 

micropollutants (OMPs) are usually present in aquatic compartments at trace concentrations 

[2]. Among these OMPs, we can find food additives, industrial and household chemicals, 

pharmaceuticals and personal care products [2,3]. 

In order to protect water, the European Parliament and Council introduced the Directive 

2000/60/EC in 2000, also known as the European Union (EU) Water Framework Directive 

(WFD) [4], which was amended together with Directive 2008/105/EC. In 2013, Directives 

2000/60/EC and 2008/105/EC were revised, and the most recent Directive 2013/39/EU 

included a list of 45 priority substances (PSs), highlighting the demand for innovative water 

treatment solutions and the importance of monitoring contaminants of emerging concern 

(CECs) for which legislation does not exist yet. In this regard, the Decision 2015/495/EU 

established a watch list of 10 CECs that was updated by Decision 2018/840/EU and, more 

recently, by Decision 2020/1161/EU, specifying the CECs that should be monitored and 

considered for inclusion in the future regulatory revisions [5]. 

Some pharmaceuticals have been included in these dynamic watch lists due to the growing 

environmental concern related to their recalcitrance upon degradation in conventional 

wastewater treatment plants (WWTPs), and thus representing a continuous input into the 

environment [6]. For instance, the rate of elimination of diclofenac (DCF) and venlafaxine 

(VFX) in conventional sewage treatment plants has been reported as being low (up to 40%) 

[7,8]. These drugs have a low hydrophobicity, as suggested by the octanol–water partitioning 

coefficients (log Kow), and a relatively low Henry’s law constant (Table S1). Thus, these 

compounds are less likely to volatilize into the atmosphere, which means that they tend to 
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persist in water [9]. It is noteworthy that due to the polar nature of most pharmaceuticals, they 

are not significantly adsorbed in the subsoil and may leach into the groundwater aquifers [10]. 

Therefore, these polar target compounds have a likely affinity to the water phase, with VFX 

having a higher solubility in water than DCF. Consequently, it becomes extremely difficult to 

remove these compounds by the conventional treatments applied at WWTPs. 

Considering the water contamination concern, adsorption is considered one of the most 

adequate and applicable techniques for pollutant removal due to its simplicity and easy 

operation [11]. Carbon nanomaterials (NMs) have been used as sorbents because they possess 

a high surface area-to-volume ratio that usually guarantees much greater adsorption capacity, 

as well as the possibility to easily modify their surface chemistry to improve the selectivity 

towards the target adsorbates [12]. In fact, NMs can strongly adsorb many substances including 

trace metals and polar organic compounds [11,12]. 

Hollow carbon spheres (CSs) have gained increased interest for adsorption applications, 

especially because of their potential to store substances within their inner cavities. In order to 

confirm this hypothesis, different nanostructured CSs were synthetized in the present study, by 

adapting the procedure previously reported by Fuertes et al. [13]. These CSs were employed in 

adsorption studies, by selecting two model OMPs: the non-steroidal anti-inflammatory drug 

DCF and the serotonin-norepinephrine reuptake inhibitor VFX, due to their large consumption 

worldwide and their high detection frequency in aquatic environments [14–16]. In addition, 

DCF was one of the CECs of a previous watch list [17] and VFX has recently been included in 

the watch list of CECs defined by Decision 2020/1161/EU [18]. To study the adsorption kinetic 

behavior of DCF or VFX onto the CSs, fractional power, pseudo-first order, pseudo-second 

order, and Elovich models were fitted to the experimental data, allowing to understand the 

performance of the carbon materials. The Langmuir, Freundlich and Sips models were then 

employed to obtain valuable information from the adsorption isotherms, such as the adsorption 
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mechanisms, the maximum adsorption capacity, and the adsorbent properties [19]. To the best 

of our knowledge, both the effect of the hollow core, and the influence of the particle size of 

the CSs on the adsorption of DCF and VFX were herein studied for the first time. 

 

2. Experiments 

2.1. Chemicals and instruments 

Tetraethyl orthosilicate (TEOS; 99 wt.%), resorcinol (99 wt.%) and formaldehyde solution  

(37 wt.% in H2O, containing 10-15% of methanol as stabilizer) were obtained from Sigma–

Aldrich. Ammonia aqueous solution (28% v/v), sodium hydroxide and absolute ethanol (99.9 

wt.%) were purchased from VWR. Diclofenac (sodium salt) and venlafaxine hydrochloride 

were purchased from Cayman and Supelco, respectively. Sodium chloride (99.5 wt.%) was 

purchased from JMGS. Acetonitrile (HPLC grade) and formic acid (99 wt.%) were purchased 

from VWR and used for high-performance liquid chromatography (HPLC). Distilled water was 

used for the synthesis of CSs, whereas ultrapure water supplied by a Milli-Q water system was 

used in all the other experiments. 

2.2. Synthesis of CSs 

As referred above, silica@resorcinol–formaldehyde (SiO2@RF) spheres were prepared by 

adapting the procedure described in the work of Fuertes et al [13]. Accordingly, 5 mL of 

ammonia aqueous solution (NH4OH) was added to a mixture containing absolute ethanol and 

distilled water (ethanol/water (E/W) volume ratios of 2, 4.5 and 7; considering a total volume 

of 160 mL), and then maintained at 30 ºC for 30 min under stirring (240 rpm). Subsequently, 

under vigorous stirring at 350 rpm, the following chemicals were added: (i) 5.6 mL of TEOS 

(Si(OC2H5)4), which was stirred for 10 min; (ii) 0.8 g of resorcinol, which was stirred for 

10 min; and finally, (iii) 1.12 mL of formaldehyde solution. The reaction mixture was then 
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maintained at 30 ºC for 24 h under stirring (240 rpm), and at 100 ºC for 24 h under static 

conditions. Afterwards, the solid product was collected by centrifugation, washed with d istilled 

water, and dried overnight at 100 ºC. The resulting material (SiO2@RF spheres) was placed in 

a tubular vertical reactor with a porous plate and thermally annealed under a nitrogen flow (N2, 

100 cm3 min-1), at 3 sequential temperature steps of 60 min each (120 ºC, 400 ºC, and 600 ºC), 

followed by a period of 240 min at 800 ºC, with a heating rate set at 2 ºC min-1. The carbonized 

product (SiO2@CS) was treated in a strong basic solution of sodium hydroxide (NaOH, 

10 mol L-1) for 20 h at room temperature and under vigorous stirring to dissolve the silica core. 

For etching of silica from the core of the CSs, a proportion of 50 mL of NaOH per gram of 

SiO2@CSs weighed was used. The sample was washed with distilled water and collected by 

centrifugation, several times until the neutrality of the rinsing waters was reached, and then 

dried overnight at 100 ºC. The resulting materials were denoted as SiO2@RFX or CSX, in which 

X represents the E/W volume ratio used in the respective synthesis. 

2.3. Characterization techniques 

The morphology of the CSs was studied by scanning electron microscopy (SEM), using a FEI 

Quanta 400 FEG ESEM/EDAX Genesis X4M apparatus coupled with energy-dispersive X-ray 

spectroscopy (EDS). SEM images were obtained in secondary electron (SE) and backscattered 

electron (BSE) detection modes, operating at 25 kV. The surface morphology was observed at 

different magnifications (from 100000 to 150000 times). ImageJ software was used to estimate 

the diameter of the CSs (at least 75 counts were performed for each sample). The elemental 

composition of the CSs was studied by EDS. 

Thermogravimetric analysis (TGA) was performed in a Netzsch STA 490 PC/4/H Luxx thermal 

analyzer, in which the sample (3 to 10 mg) was heated from 50 to 900 ºC at a rate of 

10 ºC min-1, under an oxidative (air) gas flow. 
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The textural characterization of the samples was based on adsorption-desorption isotherms of 

N2 obtained at -196 ºC, which were performed in a Quantachrome Instruments Nova 4200e 

Surface Area and Pore Size Analyzer apparatus equipped with a NovaWinTM software. Before 

analysis, the samples (~0.1 g) were outgassed at a heating rate of 2 ºC min-1, starting from 50 ºC 

until reaching 130 ºC, and then left under vacuum for 6 h. The specific surface area (SBET) of 

the materials were calculated by the Brunauer–Emmett–Teller (BET) method using adsorption 

isotherms for relative pressures (P/P0) between 0.05 and 0.30. The non-microporous surface 

area (SMeso) and the volume of micropores (VMicro) were calculated by the t-method using the 

standard isotherms proposed by Thommes et al. [20]. The total pore volume (VTotal) was 

determined from the amount adsorbed at a relative pressure close to unity. 

The pH at the point of zero charge (pHPZC) of the materials was determined by pH drift tests, 

by adapting the procedure previously reported by Ribeiro et al. [21]. The samples (0.025 g) 

were then dispersed in these solutions, and the final pH was measured after 64 h of continuous 

stirring at room temperature (23 ± 1 ºC). 

2.4. Kinetic and equilibrium adsorption experiments 

Both adsorption kinetic and equilibrium studies were carried out at room temperature 

(23 ± 1 ºC), using a magnetic stirrer, and without pH conditioning, i.e., considering the inherent 

pH of the DCF and VFX solutions (6.4 and 6.2, respectively). 

In kinetic adsorption experiments, a mass of CSs (5 mg) corresponding to a concentration of 

adsorbent (Cads) of 0.25 g L-1 was added to a DCF or VFX solution with an initial concentration 

(C0) of 100 mg L-1 (20 mL), which was kept under stirring in a 30 mL amber flask. Samples 

were filtered before analysis through 0.2 μm polytetrafluoroethylene syringe filters at 

predetermined intervals. 
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Equilibrium adsorption isotherm experiments were carried out in a digital magnetic stirrer 

multiplace MultiMix D MM90E Ovan with a constant mass of adsorbent (2.5 mg) dispersed in 

a constant volume of a DCF or VFX solution (10 mL) at various initial concentrations (ranging 

from 1 to 100 mg L-1), keeping the ratio adsorbent mass/solution volume constant. Each amber 

flask was loaded and then sealed for the predetermined period needed to reach the equilibrium. 

Upon equilibrium, the samples were filtered and analyzed. 

2.5. Analytical procedures 

The determination of DCF or VFX concentrations was performed using a Shimadzu HPLC 

apparatus equipped with fluorescence detector. The separation was performed in a Kinetex™ 

XB-C18 100 Å column (100 × 2.1 mm, i.d.; particle diameter of 1.7 μm) and the optimized 

mobile phase consisted of 0.1% (v/v) formic acid and acetonitrile, at a flow rate of 

0.25 mL min−1 and under gradient mode. Column oven and autosampler temperatures were set 

respectively at 30 and 15 ºC, and the volume of injection was 10 μL. Those samples whose 

concentration was above the range of the calibration curves were diluted in ultrapure water and 

the dilution factor was considered for the estimation of the sample concentrations. The precision 

of the analytical procedure was considered, being repeatability less than 3% and reproducibility 

(intermediate precision) less than 1% for both OMPs. 
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3. Results and discussion 

3.1. Mechanistic insights into the synthesis of CSs 

The CSs were obtained by adapting the procedure reported by Fuertes et al., namely the 

one-step synthesis of silica@resorcinol-formaldehyde (SiO2@RF) spheres based on Stöber's 

conditions [13]. The Stöber's method is a pioneering approach for the synthesis of spherical and 

monodisperse silica nanoparticles of uniform size by hydrolysis and condensation of silicon 

alkoxides (i.e., TEOS) in an E/W mixture, in the presence of ammonia as a catalyst [22]. Briefly, 

the synthesis of SiO2@RF in a single step was possible since SiO2 particles were formed first 

(higher reaction rate), and only then covered with resorcinol and formaldehyde (24 h at 30 ºC), 

which finally undergo a complete sol-gel polycondensation reaction at 100 ºC.  

According to the literature, five parameters can influence the size (and size distribution) of 

spherical SiO2 particles: (i) concentration of ammonia, (ii) concentration of TEOS, 

(iii) alcohol/water ratio, (iv) type of alcohol, and (v) temperature [22–26]. Fuertes et al. found 

that silica spheres are efficiently produced when employing E/W volumetric ratios equal or 

above 2 [13], whereas 7 was the highest E/W ratio used by Stöber et al. [22]. Moreover, Fuertes 

et al. reported that the E/W ratio was the parameter that most influences the size of the resulting 

SiO2 particles [13]. Therefore, the effect of the E/W ratio selected in the synthesis on the particle 

size was studied in the present work, by varying the E/W ratio from 2 to 7. In this sense, the 

influence of particle size of hollow CSs on the adsorption of DCF and VFX was studied for the 

first time. 

Once (i) SiO2 spheres are obtained, the subsequent steps involved in the synthesis of hollow 

CSs are those depicted in Fig. 1, namely (ii) polymerization of resorcinol – R – with 

formaldehyde – F, (iii) carbonization, and (iv) etching of the SiO2 core. 
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Fig. 1. Schematic representation of the synthesis of hollow CSs. 

 

The fast formation of SiO2 spheres occurs during the first stage of the synthesis procedure, by 

adding TEOS to an aqueous solution containing ethanol and ammonia (NH4OH). A turbid white 

suspension started being formed about 10 min after TEOS was added (as can be seen in Fig. 

S1), suggesting the formation of a stable colloidal suspension of SiO2 (i.e., particle aggregation 

and/or sedimentation is negligible). This is due to the addition of ammonia, which is known to 

accelerate the polymerization of resorcinol with formaldehyde, but also to provide positive 

charges that adhere to the outer surface of the SiO2 spheres, thus preventing aggregation 

between these spheres [25,27]. The NH4
+ ions cover the surface of the silica particles, which are 

negatively charged. Moreover, ammonia influence the morphology of the resulting particles, 

leading to materials with spherical shape [22]. The second step (polymerization) was then 

initiated when both resorcinol and formaldehyde were added to the SiO2 suspension. Resorcinol 

reacts with formaldehyde to form numerous hydroxymethyl-substituted (HS) species. This 
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reaction (catalyzed by HO− ions) is much slower than the Stöber reaction and requires higher 

temperature to be completed (up to 100 ºC). Once formed, the HS species will gradually diffuse 

to the surface of the SiO2 particles due to electrostatic interactions with the NH4
+ ions attached 

to its surface, resulting in the formation of a first RF polymeric layer around the SiO2 spheres. 

SiO2@RF spheres with a core@shell structure were obtained as the polymerization reaction 

proceeded for 24 h at 30 ºC, and then 24 h at 100 ºC. Accordingly, a remarkable change in the 

solution color was observed during the polymerization step. The turbid white suspension of 

SiO2 gradually became dark reddish-brown as SiO2@RF spheres were formed (Fig. S1). 

The third step of the synthesis of the CSs took place upon thermal annealing of the SiO2@RF 

spheres at 800 ºC under N2 atmosphere, through which the RF polymeric layer was carbonized 

while the SiO2 core was unaffected. In the fourth and last step, the SiO2 core of the carbonized 

product (SiO2@CS) was removed by an etching process in a strong basic NaOH solution. 

3.2. Characterization of CSs 

SEM analysis was used to study the morphology, particle size and size distribution, as well as 

aggregation/dispersion of the synthesized materials. As observed in the SEM images given in 

Fig. 2, all the materials exhibited a spherical morphology, and the particles were well dispersed. 

It is also visible that the final hollow core, within the CSs, had a regular and smooth surface 

(Fig. 2d and f), except for CS2 (Fig. 2b), in which a partial rupture of the spherical carbon shell 

apparently occurred during the etching process (i.e., when testing the lower E/W volumetric 

ratio). 
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Fig. 2. SEM micrographs of: (a) SiO2@CS2, (b) CS2, (c) SiO2@CS4.5, (d) CS4.5, 

(e) SiO2@CS7, and (f) CS7. Images obtained in SE mode. 

 

 



14 

As expected, the average diameter (daverage) of the CSs (Figs. 3 and S2) determined by SEM 

measurements, increased with the E/W ratio. Moreover, the daverage before and after the SiO2 

dissolution step suggest that the CSs prepared with an E/W ratio of 2 had slightly shrunk during 

this process, i.e., there was a decrease of the daverage of SiO2@CS2 upon etching with NaOH, 

corresponding to around 54% of its initial size. In turn, the daverage of the materials prepared 

with E/W ratios of 4.5 and 7 was negligibly affected by the etching of the SiO2 core (Fig. 3), 

suggesting that the CSs are less resistant to the etching process only at the lower E/W ratio. 

 

 

Fig. 3. Particle diameter of SiO2@CSs and CSs as a function of the E/W ratio. 

 

After the SiO2 dissolution step, some transparencies were observed in the SEM micrographs 

(Fig. 2), i.e., some CSs in the background can be observed through the outline of the carbon 

shell of CSs in the foreground. This feature is particularly clear for CS4.5 and CS7 (insets of 

Fig. 2d and f, respectively), suggesting that the dense SiO2 cores were effectively removed upon 

dissolution with NaOH. Additional SEM micrographs were obtained in BSE mode (Fig. 4) and 



15 

under this detection mode, denser chemical elements were recorded as brighter regions in some 

micrographs, thus allowing to distinguish carbon from silica. Accordingly, large bright spheres 

are observed in the SEM micrographs of SiO2@CS2, SiO2@CS4.5 and SiO2@CS7 

(Fig. 4a, c, and e, respectively), which correspond to the SiO2 cores. On the contrary, almost no 

bright zones were found in the SEM micrographs of CS2 and CS7 (Fig. 4b and f, respectively), 

confirming the effectiveness of the silica etching process (in the case of CS2 most probably due 

to the partial rupture of the spherical carbon shell). In the particular case of CS4.5 (Fig. 4d), it is 

interesting to observe some small bright spheres inside the carbon shell, suggesting that the 

etching process of silica was not so effective in this case. In fact, EDS spectra (Fig. S3) showed 

that the predominant element in SiO2@CS2, SiO2@CS4.5 and SiO2@CS7 was silicon, whereas 

carbon was predominant in CS2, CS4.5 and CS7. Nevertheless, some silicon was still present in 

CS4.5 and CS7, which agrees with the SEM observations. In addition, this elemental mapping 

analysis only shows trace amounts of the element sodium (CS4.5 and CS7), indicating that the 

washing step after the etching process was successful as well. 
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Fig. 4. SEM micrographs of: (a) SiO2@CS2, (b) CS2, (c) SiO2@CS4.5, (d) CS4.5, 

(e) SiO2@CS7, and (f) CS7. Images obtained in BSE mode. 
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The results obtained by TGA under oxidative atmosphere (Table 1 and Fig. S4) agree with those 

obtained by SEM-EDS. All the SiO2@CSs have a high ash content (TGA residue ranging from 

76 to 81 wt.%), which can be ascribed to the SiO2 core. On the contrary, CS2 revealed a 

negligible ash content (3 wt.%), confirming that the treatment with NaOH successfully removed 

the SiO2 core from this material. CS7 has an ash content of 24 wt.%, whereas CS4.5 presents a 

higher amount (46 wt.%). These results allow to conclude that the etching process was more 

effective in the case of CS2, followed by CS7; and not as effective in the case of CS4.5. 

 

Table 1. TGA residues and carbon content of the CSs, as determined by TGA under air 

atmosphere. 

Sample TGA residue / wt.% Carbon content a/ wt.% 

SiO2@CS2 81 19 

CS2 3 97 

SiO2@CS4.5 76 24 

CS4.5 46 54 

SiO2@CS7 78 22 

CS7 24 76 

a Estimated as the mass fraction not corresponding to ashes (TGA residue). 

 

Considering the N2 adsorption–desorption isotherms (Fig S5), all the materials possess both 

micropores (as indicated by the adsorption of N2 at low relative pressures) and mesopores (as 

indicated by the adsorption of N2 at high relative pressures). Nevertheless, the porosity of the 

SiO2@CSs is always lower than that of the corresponding hollow CSs, and the specific surface 

area (SBET) of the SiO2@CSs ranged from 115 to 144 m2 g-1, while the SBET of the CSs ranged 

from 271 to 602 m2 g-1. This trend becomes more obvious when the textural properties given in 

Table 2 are compared, and it can be explained by the higher content of less porous silica 
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(SBET ≈ 20 m2 g-1, as determined elsewhere [28]) in the SiO2@CSs (as discussed in SEM-EDS 

analysis and TGA). 

A closer look of the results obtained for CSs with an E/W volumetric ratio of 2 allows further 

highlighting the effect of silica etching on the textural properties of the materials. As determined 

by TGA, the estimated carbon content of SiO2@CS2 is 19 wt.%, which is 5.1-fold lower than 

that of CS2 (97 wt.%, as given in Table 1). At the same time, the SBET of SiO2@CS2 (115 m2 g-

1) is 4.7-fold lower than that of CS2 (545 m2 g-1, as given in Table 2), and the mesoporous 

surface area (SMeso) is 4.9-fold lower. These observations suggest that the textural properties of 

the carbon phase are negligibly affected by the etching process with NaOH, as the increase of 

the surface area can be explained by the removal of silica. Regarding the pore volume, two 

different trends can be observed. On the one hand, the micropore volume (VMicro; corresponding 

to pores < 2 nm) increases 4.6-fold upon removing the silica core (from 0.023 cm3 g-1 in 

SiO2@CS2, to 0.105 cm3 g-1 in CS2, as given in Table 2), which can be explained as discussed 

above for the surface area. On the other hand, the total pore volume (VTotal) of CS2 (1.912 cm3 

g-1) is 6.3-fold higher than that of SiO2@CS2 (0.305 cm3 g-1, as given in Table 2), suggesting a 

contribution of the hollow core towards the porosity (pores > 2 nm) of CS2. Similar trends are 

observed for the CSs prepared with E/W volumetric ratios of 4.5 and 7. Briefly, the SBET of 

CS4.5 (271 m2 g-1) is 2-fold higher than that of SiO2@CS4.5 (137 m2 g-1), while the estimated 

carbon content of CS4.5 is 2.3-fold higher than that of SiO2@CS4.5; and the SBET of CS7 (602 m2 

g-1) is 4.2-fold higher than that of SiO2@CS7 (144 m2 g-1), while the estimated carbon content 

of CS7 is 3.5-fold higher than that of SiO2@CS7. Moreover, a contribution of the hollow cores 

towards porosity is also suggested in these cases, as the VTotal of the materials prepared with 

E/W volumetric ratios of 4.5 and 7 increase 6 and 10.8-fold upon etching the silica cores, 

respectively. 
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Table 2. Specific surface area (SBET), non-microporous surface area (SMeso), micropore volume 

(VMicro) and total pore volume (VTotal) of the CSs. 

Sample SBET  / m2 g-1 SMeso  / m2 g-1 VMicro  / cm3 g-1 VTotal / cm3 g-1 

SiO2@CS2 115 59 0.023 0.305 

CS2 545 288 0.105 1.912 

SiO2@CS4.5 137 57 0.033 0.159 

CS4.5 271 122 0.065 0.960 

SiO2@CS7 144 43 0.042 0.143 

CS7 602 392 0.083 1.548 

 

The results obtained in the pH drift tests performed to determine the pHPZC (Table S2) 

demonstrate that all the CSs possess a basic nature (pHPZC ≥ 7.9), although this character is 

more pronounced in the case of CS4.5 and CS7 (pHPZC ≈ 10). 

 

3.3. Kinetic adsorption experiments 

Kinetic adsorption experiments were conducted with two main objectives, namely to 

(i) determine the time needed to reach the adsorption equilibrium (to be used in the adsorption 

equilibrium experiments discussed in Section 3.4), and (ii) study the effect of the hollow core 

of the CSs on the adsorption performance. The material prepared with the E/W volumetric ratio 

of 2 was selected for the kinetic study herein reported. 

Two preliminary experiments were carried out with SiO2@CS2 and CS2 for 96 h (data not 

shown). In the case of SiO2@CS2, the adsorption capacity for both DCF and VFX was 

negligible during the whole assays. On the other hand, the time needed for the adsorption 

equilibrium to be reached in the case of CS2 was below 24 h regardless of the OMP considered. 

Thus, the subsequent experiments were performed for 24 h, including experiments performed 
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in triplicate with CS2 (Fig. 5). As observed, the adsorption capacity at a given time (qt) reached 

a plateau at around 4 to 6 h, both in the case of DCF and VFX, confirming that the adsorption 

equilibrium was reached under these conditions. Moreover, kinetic modelling was performed 

(details in Text S1 and Table S3) and all the models could reasonably fit to the experimental 

data. Among the models studied, namely fractional power, pseudo-first order, pseudo-second 

order, and Elovich models (Eqs. S1-S4), the pseudo-first order model was found to be the most 

suitable for fitting the experimental DCF kinetic data and the fractional power model to VFX 

adsorption data (Fig. 5). 

 

 

Fig. 5. Kinetic experimental and theoretical data for the adsorption of DCF and VFX onto CS2. 

Experiments performed with [CS2] = 0.25 g L-1, [DCF]0 or [VFX]0 = 100 mg L-1, pH = 6.4 or 

6.2 (inherent pH of DCF and VFX solutions, respectively), T = 23 ± 1 ºC (room temperature), 

and stirring speed of 200 rpm; n = 3. 
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It was also observed that the adsorption capacity of CS2 towards DCF is much superior to that 

of VFX (Fig. 5). This selective affinity can be explained by the different electrostatic 

interactions established. Considering the solution pH, the pKa of the OMPs, and the pHPZC of 

the adsorbate (Table S4), it can be concluded that the surface of CS2 is positively charged 

(pHPZC of CS2 is 7.9) at the pH of both solutions of DCF and VFX 

(pH < pHPZC in both cases, as shown in Table S4). Moreover, the pH of the solution containing 

DCF (6.4) is higher than the pKa of this OMP (4.15), revealing that the DCF in solution is 

(partially) negatively charged. Therefore, electrostatic attraction is expected to occur between 

the negatively charged DCF and the positively charged surface of CS2, which explains the 

higher adsorption performance of this material towards DCF. Contrarily, the pH of the solution 

containing VFX (6.2) is lower than the pKa of this OMP (10.09), revealing that the VFX in 

solution is (partially) positively charged. Consequently, some electrostatic repulsion is expected 

to occur between the positively charged VFX and the positively charged surface of CS2, which 

explains the lower adsorption performance of this material towards VFX. 

In order to understand whether the higher adsorption capacity revealed by CS2 (when compared 

to SiO2@CS2) was due to the higher carbon content of CS2 or to the presence of the hollow 

core, additional experiments were designed considering the carbon content obtained from TGA 

results (Table 1). Accordingly, the adsorbent concentration was normalized by the carbon 

content, as described in Eq. 1, where Cads,C (g L-1) is the concentration of carbon, Cads is the 

total adsorbent concentration, and CC is the carbon content obtained from TGA (Table 1). 

 
Cads,C = Cads ∙ 

CC

100
 

(1) 

The Cads,C obtained for CS2 was 0.2425 g L-1, which is 5.1-fold higher than that of SiO2@CS2 

(0.0475 g L-1). Therefore, an additional experiment was performed with a higher concentration 

of SiO2@CS2 (1.28 g L-1; Fig. 6), corresponding to the same Cads,C as that in the experiment 
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performed with CS2 (Fig. 5). Comparing the results shown in Fig. 5 with those in Fig. 6, it is 

observed that CS2 (Fig. 5) still performs better than SiO2@CS2 (Fig. 6). Specifically, the 

maximum qt obtained for DCF and VFX onto CS2 was 102 and 36 mg g-1, respectively, whereas 

onto SiO2@CS2 (determined on the same basis, i.e., considering the carbon content only) it was 

85 and 23 mg g-1, respectively. Bearing this in mind, it can be concluded that the hollow core 

of CS2 is, in fact, beneficial for the adsorption of both DCF and VFX, suggesting that these 

hollow carbon structures can be used as nanocontainers for OMPs. 

 

 

Fig. 6. Kinetic experimental and theoretical data for the adsorption of DCF and VFX onto 

SiO2@CS2. Experiments performed with [SiO2@CS2] = 1.28 g L-1 (corresponding to Cads,C = 

0.2425 g L-1), [DCF]0 or [VFX]0 = 100 mg L-1, pH = 6.4 or 6.2 (inherent pH of DCF and VFX 

solutions, respectively), T = 23 ± 1 ºC (room temperature), and stirring speed of 200 rpm; n = 

2. qt values obtained considering the Cads,C only. Detailled kinetic modeling data is given in 

Table S5. 
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3.4. Equilibrium adsorption experiments 

Equilibrium adsorption experiments were then conducted with two main objectives, namely to 

(i) evaluate the adsorption capacity of the hollow CSs, and (ii) study the effect of particle size 

on the adsorption performance. In this case the non-linearized forms of the Langmuir, 

Freundlich, and Sips models (Eqs. S5-S7) were studied (Text S2 and Table 3). As somehow 

expected, the Sips model (3-parameter isotherm model) was found to be the most suitable for 

fitting the experimental data (Fig. 7). 

 

 

Fig. 7. Experimental and theoretical data for the adsorption isotherms of (a) DCF and (b) VFX 

onto CS2, CS4.5 or CS7. Experiments performed with [CSX] = 0.25 g L-1, [DCF]0 or [VFX]0 = 

1, 5, 10, 25, 50, 75, and 100 mg L-1, T = 23 ± 1 ºC (room temperature), 

t = 24 h, and stirring speed of 200 rpm. 

 

Overall, the adsorption capacity of the hollow CSs towards DCF is higher than the adsorption 

capacity towards VFX. As discussed in Section 3.3, this can be explained by the different 

electrostatic interactions established in each case (i.e., some electrostatic attraction between the 
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surface of the CSs and DCF, and some electrostatic repulsion between the surface of the CSs 

and VFX). Specifically, CS2 and CS7 revealed better adsorption capacity for DCF than CS4.5 

(Fig. 7a), which may be explained by enhanced surface area and porosity of CS2 and CS7 when 

compared to CS4.5 (Table 3). In the case of VFX (Fig. 7b), CS4.5 and CS7 showed similar 

adsorption capacities, which were both higher than the adsorption capacity revealed by CS2. 

These results cannot be explained only by the different textural properties of the materials, nor 

by the electrostatic interactions previously discussed. Nevertheless, the higher pHPZC of CS4.5 

and CS7 (≈ 10) compared to that of CS2 (7.9), suggests that other adsorption mechanisms, such 

as chemisorption, may also be involved. The better adsorption performance over the 

concentration range under study was obtained with CS7, regardless of the OMP considered. 

However, despite this better adsorption performance obtained with the hollow CSs with larger 

particle size (i.e., CS7, with daverage of (284 ± 32) nm), no evident correlations were obtained 

between the adsorption performance and the particle size of the hollow CSs. Nevertheless, the 

effectiveness of silica dissolution was not similar for the different materials. 
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Table 3. Equilibrium model parameters (non-linearized form equations) for the adsorption of 

DCF and VFX onto the hollow CSs. 

 Langmuir Freundlich Sips 

 

q
sat

 / 

mg g-1 

KL  / 

L mg 1 

r2 

KF / 

L mg 1 

nF  r2 

q
m

 / 

mg g-1 

Ks / 

L mg 1 

nS  r2 

DCF           

CS2 109.66 0.10 0.9542 20.87 2.65 0.9840 259.80 0.01 2.04 0.9871 

CS4.5 21.81 0.19 0.8812 6.33 3.46 0.9769 56.84 3.77 × 10-3 2.83 0.9769 

CS7 66.36 1.31 0.9312 31.03 5.15 0.7646 63.60 1.72 0.54 0.9608 

VFX           

CS2 37.05 0.12 0.9569 8.23 2.96 0.9792 61.45 0.02 1.87 0.9888 

CS4.5 51.69 0.37 0.9498 17.55 3.83 0.8914 56.02 0.27 1.30 0.9576 

CS7 52.32 1.39 0.8047 23.70 4.87 0.7726 50.64 2.21 0.19 0.9143 

 

Regarding equilibrium modeling, the Sips model (3-parameter isotherm model) showed the 

highest values of r2 (Table 3), suggesting that adsorption is taking place on both homogeneous 

and heterogeneous surface of the CSs. Among the 2-parameter isotherm models (i.e., 

Freundlich and Langmuir), the Langmuir model was the best to predict the adsorption of both 

OMPs onto CS7, and the Freundlich model was the most suitable to predict adsorption on CS2. 

CS4.5 revealed different behavior depending on the OMP considered; in this case, the adsorption 

of DCF and VFX was better described by the Freundlich and Langmuir models, respectively. 

A literature review on the application of carbon-based materials for adsorption of DCF (Table 

4) and VFX (Table 5) was performed to compare the performance of the previously reported 

materials with those of the CSs for removing DCF and VFX. Overall, the performances 

obtained with the CSs developed in this study are above the average of those previously 

reported, thus highlighting the potential of these hollow carbon nanocontainers as efficient 
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adsorbents for DCF removal (Table 4). It is important to note that the higher capacities reported 

in the literature may be due, essentially, to the higher surface area of the material, the change 

of the solution pH, and/or the change of the adsorbent concentration. The developed CSs, on 

the other hand, perform better compared to the materials tested in the only work found in the 

literature on the adsorption of VFX (Table 5). 

 



 

35 

Table 4. Comparison of the performance of several reported carbon-based materials developed as adsorbents of DCFa. 

Reference Adsorbent Adsorption conditions 

SBET / 

m2 g-1 

Maximum 

capacity / mg g-1 

Isotherm 

This study 

CS2 

Ultrapure water, pHsolution = 6.4, Cads =0.25 g L-1,  

C0 = 1 – 100 mg L-1, T = 23 ºC, t = 24 h 

545 259.80 Sips 

CS4.5 271 56.84 Sips 

CS7 602 63.60 Sips 

Rigueto et al., 2021 [29] 

Commercial gelatin powder with 

carbon nanotubes 

n/d, pHsolution = 8.15, Cads = 2.0 g L-1, 

C0 = 37.5 – 300 mg L-1, T = 25 ºC, t = 2.5 h 

133 26.97 Freundlich 

Kimbi Yaah et al., 2021 

[30] 

Hydrochar-derived adsorbent 

Deionized water, pHsolution = 2.0, Cads = 15 g L-1,  

C0 = 0 – 50 mg L-1, T = 25 ºC, t = 1.5 h 

131 13.16 Langmuir 

Salvestrini et al., 2020 [31] 

Commercial activated carbon, 

Filtrasorb 400 

Pure water, pHsolution = 6.8, Cads = 0.5 g L-1, 

C0 = 24 - 218 mg L-1, T = n/d, t = 120 h 

1000 180 Langmuir 

Khalil et al., 2020 [32] Graphene 

n/d, pHsolution = 7.5, Cads = 0.25 g L-1, 

C0 = 0.1 - 100 mg L-1, T = 22, t = 24 h 

670 76 Sips 

Álvarez-Torrellas et al., 

2018 [33] 

Carbide-derived carbons produced at 

1000ºC 

Deionized water, pHsolution = n/d, Cads = 0.3 g L-1,  

C0 = 10 – 100 mg L-1, T = 30 ºC, t = 1 h 

1676 523 n/d 

Jauris, et al., 2016 [34] Reduced graphene oxide 

Deionized water, pHsolution = 10.0, Cads =1.5 g L-1,  

C0 = 20 - 200 mg L-1, T = 25 ºC, t = 3.3 h 

98 59.67 Liu b 
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Bhadra et al., 2016 [35] 

Activated carbons oxidized with 

ammonium persulfate 

Water, pHsolution = 5.5, Cads = 0.2 g L-1, 

C0 = 25 – 100 mg L-1, T = 25 ºC, t = 24 h 

704 487 Langmuir 

Bernardo et al., 2016 [36] 

Potato peel waste-based activated 

carbon 

Deionized water, pHsolution = 5, Cads = 0.4 g L-1,  

C0 = 10 - 100 mg L-1, T = 25 ºC, t = 17 h 

866 68.5 Langmuir 

a Data collected from Scopus on June 24, 2021, using the following query: “carbon AND adsorption AND diclofenac AND Chemical En gineering AND Environmental Science”. 

b the authors used Liu as an isotherm model. 

n/d no data. 

  



 

37 

Table 5. Comparison of the performance of several reported carbon-based materials developed as adsorbents of VFXa. 

Reference Adsorbent Adsorption conditions 

SBET / 

m2 g-1 

Maximum 

capacity / mg g-1 

Isotherm 

This study 

CS2 

Ultrapure water, pHsolution = 6.2, Cads =0.25 g L-1,  

C0 = 1 – 100 mg L-1, T = 23 ºC, t = 24 h 

545 61.45 Sips 

CS4.5 271 56.02 Sips 

CS7 602 50.64 Sips 

Calisto et al., 2015 [37] 

Commercial activated carbon 

Ultrapure water, pHsolution = 7.0, Cads = 0.02 – 0.12 g 

L-1, C0 = 5 mg L-1, T = 25 ºC, t = 0.5 h 

848 42.5 Langmuir 

Non-activated carbon produced by 

pyrolysis of paper mill sludge 

Ultrapure water, pHsolution = 10.5, Cads = 0.15 – 4.0 g 

L-1, C0 = 5 mg L-1, T = 25 ºC, t = 0.5 h 

209 8.5 Langmuir 

a Data collected from Scopus on June 24, 2021, using the following query: “carbon AND adsorption AND venlafaxine AND Chemical E ngineering AND Environmental Science”. 

n/d no data. 
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4. Conclusions 

The carbon-based materials with three different sizes that were developed for the removal 

of DCF and VFX from aqueous solution have a spherical morphology, the particle size 

increasing with the E/W volumetric ratio. The SBET, microporous and mesoporous 

structure of the CSs were more pronounced than in the SiO2@CSs, which means that the 

silica core influenced the porosity of the materials. The pHPZC of the CSs ranged from 7.9 

to 10.1, revealing their basic character. The positive impact of the hollow core was 

demonstrated, with the adsorption process reaching the equilibrium in less than 24 h. 

Moreover, it was proved that the higher adsorption capacity of CS2 was mainly related to 

the hollow core and not to the superior carbon fraction that this material possesses when 

compared to SiO2@CS2 (i.e., prior to silica dissolution). Equilibrium studies 

demonstrated that CS7 was the material presenting the best compromise for the adsorption 

of both OMPs. Moreover, this carbon material shows the best removals at lower 

concentrations of adsorbate. Therefore, the synthesized materials are promising for the 

removal of DCF and VFX from water. 
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