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ABSTRACT 

 

BACKGROUND: Arsenic pollution of water supplies is a global problem of 

environmental concern. Among inorganic species, trivalent arsenite, As(III), is the most 

toxic and difficult to remove. Conventional treatments usually involve the pre-oxidation 

to pentavalent arsenic, As(V); however this study is focused on the direct removal of 

aqueous arsenite species by selective adsorption.  

 

RESULTS: Sulfur-containing adsorbents were prepared from mesostructured SBA-15 

silica by functionalization with propylthiol chains. The sulfur content of the synthetized 

materials, denoted as SBA-15-SH-x, reached 4 mmol/g. Kinetics and equilibrium batch 

experiments showed that all materials were excellent As(III) adsorbents, with maximum 

capacity as high as 0.46 mmol/g, superior to bibliographic values for comparable 

materials. pH influence was significant and the best performance occurred at pH = 8. A 

complementary pelletized material was designed and synthetized to explore the 

potential use of the adsorbents in the treatment of water streams polluted with arsenic 

through fixed-bed column experiments. The breakthrough curves obtained in different 

operative conditions evidenced the viability of the process. 

 

CONCLUSIONS: SBA-15-SH-x materials evaluated in this work exhibited very good 

performance for aqueous As(III) removal by direct adsorption without previous 

oxidation to As(V). The suitability of the materials was demonstrated through kinetics, 

equilibrium, and fixed-bed column adsorption experiments. 

 

 

Keywords: water treatment; arsenic removal; adsorption; SBA-15; thiol 

functionalization; fixed-bed column 

 

 



 

 

INTRODUCTION 

Arsenic pollution of drinking water supplies is an important problem of environmental 

concern. This metalloid is present in aqueous media due to certain anthropogenic 

activities, such as mining, wood preservation, or agriculture, and especially through 

natural processes due to its occurrence in many rocks and sediments as a trace element. 

Long-term exposure to arsenic can originate several diseases because its high toxicity. 

The main issue regarding arsenic as a global problem is evidenced by the fact that the 

presence of this element in drinking water may severely affect more than 100 million 

people worldwide.1 Thus, WHO recommended a restrictive drinking water standard 

with the maximum contaminant level (MCL) fixed at 10 g/L.2 

The two most frequent species present in water are the arsenite and arsenate inorganic 

forms. Trivalent arsenite, As(III), which is more toxic to humans than arsenate, As(V), 

exhibits higher mobility in the environment and its elimination from water is considered 

more difficult.3 Actually, most materials described in the literature for aqueous arsenic 

removal are more suitable for the removal of As(V);4,5 hence, a pre-oxidation step is 

typically prescribed for As(III) solutions. However, pre-oxidation processes usually 

involve the use of chemical oxidants, high chemical cost, prolonged treatment time, 

extended operational complexity, and difficulty of implementing adsorption processes 

on a fixed-bed equipment. 3,6 Therefore, it would be desirable to develop materials to 

uptake efficiently the arsenite species by direct adsorption.  

Many adsorbents were proposed for the removal of arsenic from aqueous solution. Iron 

oxides/hydroxides, alumina, copper oxides, titania dioxide, zinc oxide, mixed oxides, 

and carbonaceous materials were studied as materials for arsenic adsorption.7 

Among other alternatives, inorganic metal oxides such as Fe-Mn oxides,8 ferrihydrite,9 

and iron oxide in nanoparticles form,10,11 were recently tested to remove arsenite from 



 

 

water. Some of these materials exhibited significant adsorption capacities of up to 

75 mg/g.¡Error! Marcador no definido. Other materials like some specific MOFs, especially when 

forming composites with Fe3O4 or the combination with spinel structures of type CoFe2O4 

with Mil-100(Fe) displayed As(III) adsorption capacities of 100 mg/g and 140 mg/g, 

respectively.12 Low cost alternatives, like natural clays that can be modified with chitosan 

polymers,13 or pyrolytic carbons obtained from residues, yielded adsorption uptakes 

smaller, or close, than 1 mmol/g.14 Mixed binary and ternary oxides, usually containing 

iron, nickel, cobalt, and/or manganese, as well as their combination with polymers, 

graphene oxide, carbons or biochar, 15,16,1718,19 were recently reported as effective for 

arsenite removal with notable retention values, reaching 252.8 mg/g for the mesoporous 

spinel-type material.20 

Likewise, thiol-functionalized materials were also proposed as adsorbents for arsenic 

removal due to the well-known affinity between sulfur and arsenic, The organic groups 

containing sulfur were observed to interact selectively with As(III), in accordance with 

the fact that this is the mechanism involved in the arsenic interaction with biomolecules 

causing toxicity.21 Therefore, different organic and inorganic materials, such as 

silica,22,23,24 polymeric resins,25 biomass,26,27 or activated alumina 28,29 were used in the 

last years as support of mercaptans to develop As(III) selective adsorbents. 

Mesostructured silicas can be very suitable for selective adsorption, since they exhibit 

high surface areas and pore volumes along with uniform mesoporous size.30 Therefore, 

many materials of this type were attempted to retain selected target metals by 

incorporating specific functionalities on the silica walls.31 Among them, our group 

developed thiol-functionalized SBA-15 adsorbents for aqueous mercury uptake, 

achieving suitable textural properties and excellent adsorption performance.32,33 



 

 

Accordingly, these materials could also be a very attractive choice for arsenite removal 

from water.  

In this work, thiol-functionalized materials based on SBA-15 mesoporous silica were 

evaluated as adsorbents of aqueous arsenite species. It was analyzed the influence on the 

adsorption performance of the amount of propylthiol groups incorporated by co-

condensation into the material structure. The effect of the solution pH on the adsorption 

process was subsequently studied through equilibrium and kinetics approaches. Finally, 

fixed-bed column experiments were carried out with agglomerated and pelletized 

materials to explore the potential application of the adsorbents for the treatment of As(III) 

polluted water streams. 

 

MATERIALS AND METHODS 

Reagents 

Tetraethoxysilane [TEOS; (CH3CH2O)4Si] and 3-mercaptopropyltrimethoxysilane 

[MPTMS; (CH3O)3Si(CH2)3SH], used as silica and organic precursors, respectively, and 

the structure directing agent, Pluronic P123 [triblock poly(ethylene oxide)-

poly(propylene oxide)-poly(ethylene oxide), (PEO20PPO70PEO20)], were purchased from 

Aldrich. Sodium arsenite, (Na2AsO, synthesis grade, Fluka) was chosen to prepare the 

As(III) solutions required for the adsorption experiments. Arsenic standard solution (1.0 

g/L in 0.1 mol/L HNO3 medium, Aldrich) was employed as standard for analysis.  

 

Adsorbents synthesis and characterization 

The synthesis of the adsorbents was accomplished by the co-condensation procedure to 

obtain the propylthiol-functionalized mesoporous SBA-15 silica.32 Pluronic P123 was 

dissolved at room temperature in acidic media and heated at 40 ºC. TEOS (37 mmol) was 



 

 

added to the solution and stirred for 45 min before adding MPTMS organosilane 

precursor. Different amounts of MPTMS were selected to obtain MPTMS/TEOS molar 

ratios from 0.1 to 0.4. After stirring (20 h) and aging at 100 ºC (24 h), solid adsorbents 

were recovered by filtration and drying. The template was removed by ethanol extraction 

under reflux for 24 h and, after new filtration and drying, the adsorbents were obtained 

and labeled as SBA-15-SH-x with x referred to the propylthiol percentage in the structure.  

Functionalization of pelletized SBA-15 pure silica was also carried out. SBA-15 powder 

was synthesized following the procedure described above without adding the thiol 

precursor. After filtering and water washing, the template was eliminated through 

calcination at 550 ºC for 6 h following a heating rate of 1.8 ºC/min. Then, pellets were 

prepared by agglomeration of SBA-15 powder with bentonite and methylcellulose 

(77.5%, 12.5%, and 10%, respectively) with the minimum amount of water necessary to 

achieve the required consistency.34 After cooling at 5 ºC for 24 h, the mixture was 

cylindrically extruded (diameter, 2 mm) and sliced (thickness, 3 mm). Pellets were 

subsequently calcined under air at low heating rate, a process divided into three stages: 

0.2 ºC min-1 up to 100 ºC, 0.1 ºC min-1 up to 450 ºC, and 0.5 ºC min-1 up to 650 ºC, with 

the intermediate and final temperatures maintained for 1 h, 1 h,  and 5 h, respectively. In 

order to increase the number of silanol groups available on the pellets surface, calcined 

material was rehydrated by heating the pellets in water at 110 ºC during 24 h. Water 

excess on the material was then removed by drying under vacuum at 60 ºC for 6 h. After 

this process, pellets surface was functionalized with propylthiol chains by silylation 

reaction with MPTMS in toluene reflux. The amount of organic precursor, 9.5 mL for 2 g 

of agglomerated silica, was selected to provide sulfur content similar to found in the SBA-

15-SH-10 material. The resultant solid, recovered by filtration and drying, was labelled 

as A-SBA-15-SH-10.  



 

 

Textural characterization of all synthetized materials was accomplished by obtaining the 

nitrogen adsorption-desorption isotherms at 77 K, after a degasification step in N2 flow 

for 8 h at 150 ºC, using a Tristar 3000 Micromeritics equipment. Linearized BET equation 

was used to determine the BET surface in the 0.05 to 0.20 range of relative pressure. The 

adsorption branch of the isotherm was selected to estimate the pore size distributions 

using the B.J.H. model by assuming cylindrical pore geometry. Total pore volume was 

calculated near the saturation point at a relative pressure around 0.97.35 Organic sulfur 

content was thoroughly determined by elemental analysis in a Vario EL III Elementar 

Analyzer System GMHB. 

 

Arsenite adsorption in batch mode 

The isotherms of aqueous arsenite adsorption on all prepared materials, including powder 

and pellet samples, were determined in the batch mode. To this effect, individual 

experiments were carried out by stirring 25 mg of the selected solid material in 45 mL of 

aqueous As(III) solution at 20 ºC during 6 h, the contact time previously observed to 

ensure equilibrium with the adsorbent powder. Mixtures were filtered shortly afterwards 

using a syringe filter of 0.22 m and the final solutions were collected for analysis. 

However, adsorption experiments accomplished with functionalized pellets were carried 

out without stirring to prevent fragmentation of the agglomerated and extruded samples 

and contact time was extended until 12 h. Kinetics experiments were completed in a 

similar way, although the contact times were picked out within a broad range in this case. 

Arsenic concentration of the filtered solutions was determined using a NIR/Vis-UV 

JASCO spectrophotometer, model V-630, by measuring the absorbance at 884 nm after the 

formation of the molybdate-arsenate complex.36 Adsorbed arsenic amount was estimated 

by difference according to Eq. 1: 



 

 

 

𝑞 =
𝐶0−𝐶

𝑚
𝑉     (1) 

 

where C0 and C are the arsenic concentrations in the initial and final solutions, q is the 

adsorbed amount, m is the adsorbent mass, and V is the solution volume.  

 

Fixed-bed column adsorption experiments 

Continuous flow experiments were performed across a fixed-bed housed within an 

upright borosilicate glass cylindrical column (30 cm  1 cm) packed with pellets of the 

agglomerated and functionalized A-SBA15-SH-10 material. Pellets were hold between 

small glass spheres placed in the bottom and top column sections. With this arrangement, 

the bed length occupied 19.5 cm, corresponding to 5 g of adsorbent The upward flow of 

the aqueous As(III) solutions through the vertical fixed-bed was achieved by using a 

peristaltic pump that likewise ensured steady flow rates. The effluent solution was 

collected at selected time intervals and the arsenic concentration was determined by the 

same spectrophotometric method referred to above. Prior to the experiments, fixed-bed 

was conditioned by Milli-Q water circulation for 4 h. Then, Na2AsO aqueous solutions 

were flowed through the column at 20 ºC. Arsenic concentration was fixed at 

0.05 mol L−1 and the natural solution pH, around 8, was measured. Volumetric flow rates 

ranged from 10 to 160 mL/h. 

Breakthrough curves were obtained by plotting the dimensionless concentration Ct/C0 vs. 

time, where Ct and C0 are the outlet and inlet adsorbate concentration, respectively. The 

breakthrough time, tb, was set for the ratio Ct/C0 = 0.02 and the exhaust time, te, was 

adopted when the outlet/inlet arsenite concentration ratio reached the value 0.95. 

The total amount adsorbed in the column, qtotal (mg), was calculated from Eq. 2: 



 

 

 

𝑞𝑡𝑜𝑡𝑎𝑙 =  
𝑄 𝐶0

1000
∫ (1 −

𝐶

𝐶0
)

𝑡𝑒

0
𝑑𝑡     (2) 

 

where Q is the flow rate. The total amount of arsenic passing through the column, mtotal 

(mg), and the removal percentage were calculated according to Eqs. 3 and 4:  
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𝑅(%) =
𝑞𝑡𝑜𝑡𝑎𝑙

𝑚𝑡𝑜𝑡𝑎𝑙
× 100      (4) 

 

RESULTS AND DISCUSSION 

Physicochemical properties of SBA-15-SH-x adsorbents 

The complete characterization of all synthetized thiol-functionalized SBA-15 adsorbents 

in powder form was previously reported, including TEM and SEM images, small angle 

XRD difractograms, 29Si MAS-NMR analysis, and FTIR spectroscopy. Likewise, 

chemical and thermal stability was widely verified.33 Therefore, only some relevant 

textural properties and the sulfur content of the samples were discussed here, mainly for 

comparison with the new pelletized materials. The nitrogen adsorption-desorption 

isotherms at 77 K corresponding to the powder-like materials belonged to IUPAC type 

IV,35 illustrating their mesoporous condition, although the adsorbed nitrogen volume 

thoroughly declined when increasing the organic amount incorporated to the SBA-15 

pure silica. Accordingly, the pore diameter, specific surface area, and pore volume of the 

materials systematically diminished from SBA-15-SH-10 to SBA-15-SH-40, as can be 

observed in Table 1 that summarized the textural properties and sulfur content for all 

adsorbents prepared in this work.  



 

 

Regarding the pelletized material A-SBA-15-SH-10, N2 sorption isotherm could be 

classified as intermediate between IUPAC types IV and V, as shown in Fig. 1a, with a 

striking reduction of porosity in comparison with SBA-15-SH-10 powder. Since the 

agglomeration process with bentonite and methylcellulose to produce A-SBA-15 

significantly reduced the surface area and pore volume, but preserved the mesostructure, 

it should be presumed that the most important degradation of the structure occurred in the 

course of the thiol-functionalization process, probably due to pore collapse, as exhibited 

in Fig. 1b.  

 

Aqueous arsenite adsorption on SBA-15-SH-x materials 

The experimental isotherms of As(III) adsorption on the SBA-15-SH-x materials were 

obtained at 20 ºC up to saturation to determine the maximum adsorption capacities and 

the affinity between the arsenite species and thiol active sites. Figure 2 displayed the 

experimental isotherms that belonged to type I or type L, according to the IUPAC35 or 

Giles’ classifications37, respectively. The isotherms showed a sharp increase of the As(III) 

retention at low concentration and a steady achievement of the adsorbent saturation, 

associated with the monolayer formation of arsenite species on the material surface 

through chemisorption. It is patent from Fig. 2 that both the maximum As(III) adsorption 

capacity of each material and the initial slope of the isotherms were clearly related to the 

degree of thiol functionalization, thoroughly increasing from SBA-15-SH-10 to SBA-15-

SH-40. 

In order to outline the specific behavior of every adsorbent, experimental data were 

compared to the fits provided by the Langmuir and Freundlich isotherms. The Langmuir 

model explains the adsorption on homogeneous surfaces assuming the same affinity of 

the adsorbate for all active sites with complete surface coverage to form a monolayer at 



 

 

high equilibrium concentrations of sorbate in solution (Ce). Freundlich isotherm describes 

adsorption on heterogeneous surfaces as well as multilayer sorption. Both models are 

expressed by the following mathematical expressions: 

 

Langmuir 
e

e
e

Cb

CbQ
q

+
=

1

0

 

(5) 

Freundlich 𝑞𝑒 = 𝐾𝐹 𝐶𝑒
1 𝑛⁄

 (6) 

 

where Q0 is the maximum adsorption capacity, i.e. the adsorbate amount needed to 

complete a monolayer, and b is the Langmuir constant related to the intensity of the 

interaction adsorbent/adsorbate. KF, and n, are the empirical constants of Freundlich 

equation, which are associated to the adsorption capacity and the adsorption energy, 

respectively.  

Table 2 showed the results of the mathematical fitting provided by the Langmuir and 

Freundlich models. As presumed after glancing at the isotherms shape, the adsorption 

behavior was much better described by the Langmuir equation that yielded regression 

coefficients, R2, higher than 0.99. Therefore, non-linear fitting to Langmuir model was 

included as solid curves in Fig. 2 showing good agreement to experimental values. Hence, 

it was concluded that As(III) adsorption on SBA-15-SH-x materials involved the 

formation of a superficial monolayer through chemisorption between thiol active groups 

and arsenic species. 

It is worth emphasizing the significant arsenic adsorption capacities measured for the 

SBA-15-SH-x materials, especially when the amount of thiol groups was increased. As 

read in Table 2, maximum adsorption capacity achieved values as high as 0.46 mmol/g 

for the SBA-15-SH-40 sample. This quantity was very remarkable, taking into account 

other results found in literature for analogous materials. For instance, thiol-functionalized 



 

 

materials prepared from activated alumina were reported to adsorb 0.15 mmol As(III)/g.29 

Regarding mesostructured materials, the adsorption capacity observed in this work was 

considerably higher than the previously reported for mercaptopropylthiol functionalized 

HMS silica (0.25 mmol As(III)/g), despite this last value was obtained with a material 

highly functionalized that incorporated up to 50% of mercaptopropyl groups.24 Therefore, 

the SBA-15-SH-x adsorbents appeared as good arsenite adsorbents, probably due to their 

open structure that allowed As(III) to diffuse and easily access to the binding sites. 

Moreover, since the adsorption affinity was significantly high, as revealed by the steep 

initial slope of the isotherms, the efficacy of the adsorbents at low concentration should 

be adequate to reduce the arsenite species traces below the values established by water 

regulation. 

Regarding the mechanism of the adsorption process, it was proposed by several authors 

that inorganic arsenite anchoring to the adsorbent surface would involve the formation of 

arsenic/sulfur complexes, where every As(III) species was bound to three thiol groups 

according to Scheme 1,38 as also occurred in arsenic trisulfide, the main inorganic 

compound of arsenic. 

The sulfur to arsenic molar ratio at saturation of the materials was also included in Table 

2. As seen, the value determined for SBA-15-SH-10 was reasonably in agreement with 

the expected 3:1 ratio; however, a regular increase from 4.4 to 8.6 was observed as the 

thiol functionalization enlarged from 10% to 40%. Thus, the maximum arsenic adsorption 

capacity did not enhance linearly with thiol functionalization and more sulfur atoms were 

increasingly needed for each retained arsenite species. This fact could be probably related 

to the accessibility of arsenite species towards the thiol groups. 

 

Influence of pH on arsenite adsorption  



 

 

The initial pH of the As(III) solutions used in the experiments described in the precedent 

section was the natural for the studied arsenite concentration, i.e. nearly pH = 8. It is worth 

mentioning that the resultant pH after adsorption was lower. However, medium pH is one 

of the most important variables affecting the adsorption process, since determines the 

predominant species of the adsorbate in the solution and simultaneously influences the 

surface of the adsorbent and the nature of its active sites. Thus, the pH effect was also 

investigated from both kinetics and equilibrium approaches. The material SBA15-SH-40 

was selected due to its higher arsenic adsorption capacity. The initial pH of the arsenite 

solutions was shifted between 2 and 12 by adding nitric acid or sodium hydroxide, 

respectively. It was previously reported that the synthetized materials SBA-15-SHx were 

chemically very stable at acidic, neutral and mild basic media.32 Conversely, some 

degradation of the mesoporous silica structure could be expected at the more basic pH; 

however, the temporal evolution of the adsorption capacity of the material at basic pH 

showed no evident decay for the first six hours. 

Regarding adsorption equilibrium, the experimental isotherms were plotted in Fig. 3 with 

the best Langmuir’s fits shown as solid curves. Table 3 listed the calculated Q0 parameters 

estimated from the Langmuir model and the experimental maximum capacities, denoted 

as qe(max). An excellent agreement was found for each tested pH value, as read in Table 

3. It was concluded from Fig. 3 and Table 3 that the adsorption capacity of the material 

SBA-15-SH-40 steadily increased with solution pH up to a maximum that matched the 

natural of the aqueous NaAsO2 solutions (pH  8). When pH exceeded this value, the 

adsorption capacity significantly diminished, since the maximum adsorption capacity 

observed at the natural pH was 0.46 mmol/g, whereas for pH = 12 this value decreased to 

0.27 mmol/g, i.e. a reduction higher than 40%. To explain this behavior, it should be 

considered the different arsenic species present in the medium. Fig. 4 showed the 



 

 

speciation diagram for a 50 mg/L As(III) solution as a pH function. Arsenious acid, 

H3AsO3, was the main species up to pH = 9.2, although the occurrence of the monovalent 

anion H2AsO3
- was visible in the medium from pH = 7, being predominant in the range 

9.2 - 12.1.39 Divalent anion HAsO3
2- appeared from pH = 10, but was important only 

beyond the scope of this work, from pH 12.1 to 13.5, while the presence of the trivalent 

anion, AsO3
3- was irrelevant, except for the highest pH values, over 13. Regarding the 

behavior of the adsorbent surface, the pKa of the thiol active groups was expected to lie 

between 10 and 11.40 Therefore, taking into account all these facts and the values reported 

in Table 3, it was concluded that the strongest affinity between the SBA-15-SH-40 

adsorbent and the several aqueous As(III) species must be ascribed to the H3AsO3 

compound. The significant adsorption reduction found at higher pH values was attributed 

to the increasing electrostatic repulsion between the anionic As(III) species present in the 

aqueous solution and the negatively charged surface of the silica adsorbent. The minor 

adsorption decline also observed below neutral pH could be related to the more difficult 

deprotonation of the thiol group in acidic medium, a preliminary step required to the 

formation of the sulfur-arsenic bonds. A similar effect was previously observed for other 

adsorption processes on thiol groups.32 

The pH influence on the adsorption process was likewise studied through kinetics 

experiments accomplished with the same adsorbent, SBA-15-SH-40, and aqueous As(III) 

solutions with arsenic initial concentration of 50 mg/L. The pH effect was examined at 

the values 2, 5, 8, 10, and 12. Figure 5 showed the adsorbed As(III) amount as a function 

of the contact time at the different pH values. In all cases, the adsorption equilibrium was 

attained for a time around 300 min, regardless of solution pH. Three semi-empirical 

models were tested to analyse the overall kinetics, namely pseudo-first order, pseudo-

second order, and Elovich models.41 Neither the pseudo-first order model nor the Elovich 



 

 

equation were suitable to fit the experimental curves. Conversely, the kinetics profiles for 

aqueous As(III) adsorption on the SBA-15-SH-40 sample were adequately described by 

the pseudo-second-order mathematical model (Eq. 7), that was used after integration from 

t = 0 and qt = 0 to yield the lineal form (Eq. 8).  

( )2

2 te
t qqk

dt

dq
−=      (7) 

eet q

t

qkq

t
+=

2

2

1
     (8) 

The fittings were successful in every case (solid curves in Fig. 5), showing regression 

coefficients of the fits, R2, higher than 0.98. The related parameters k2 and qe were 

summarized in Table 4. Concerning pH dependence, conclusions were similar to the 

extracted from the equilibrium study. As can be seen in Fig. 5, the most favorable pH for 

adsorption was the natural pH of the arsenite solution with minor reduction in acidic 

medium and significant decline at higher pH values. Nevertheless, it is worth mentioning 

that kinetics curves exhibited no apparent anomalies at the most basic pH. 

 

Fixed-bed arsenite adsorption 

The adsorption capacity of the pellets prepared to fill the column was checked under 

equilibrium conditions prior to the fixed-bed experiments. As displayed in Fig. 2, the 

adsorption isotherm corresponding to the A-SBA-15-SH-10 sample was also classified 

as IUPAC type I, i.e. with a high affinity for As(III) species at low concentration. 

However, its maximum arsenic adsorption capacity (0.21 mmol g-1) exhibited an apparent 

reduction in comparison with the material powder obtained by the co-condensation 

method with similar sulfur content, SBA-15-SH-10 (0.27 mmol g-1). This diminution was 

attributed to the observed porosity decrease combined with the loss of accessibility to all 

the thiol groups incorporated to the pellets.  



 

 

Different column dynamics adsorption experiments were carried out to test the 

performance of the pelletized material used as fixed-bed by modifying the flow rate of 

the arsenic feed solution from 10 to 160 mL h-1.42 The breakthrough curves obtained for 

the As(III) capture were displayed in Figure 6a and the estimated parameters extracted 

from the curves were listed in Table 5. 

 

As expected, the breakthrough and exhaust times deeply depended on the flow rate; in 

addition, the well-shaped breakthrough curves exhibited steeper profiles at earlier times 

when flow rate increased. For instance, the breakthrough time extended from 182 min to 

3135 min, while the flow rate reduced from 160 mL h-1 to 10 mL h-1. At the lowest value, 

the residence time significantly improved, thus facilitating the accessibility of the arsenic 

species to the thiol specific sites of the adsorbent particles. However, the arsenic retention 

total capacity showed a rather moderate dependence on the flow rate. Accordingly, the 

removal percentage for the lowest flow rate revealed a notable yield (92%), calculated 

with Eq. 4 from the total uptake and the feed amount of As(III). When the flow rate 

increased to 80 and 160 mL h-1, the removal percentage reduced to nearly 88% and 82%, 

respectively. Consequently, the experiments carried out with a simple fixed-bed column 

evidenced the potentiality of materials similar to A-SBA-15-SH-10 for practical use in 

the treatment of water streams containing As(III) species.  

To complete the arsenic adsorption study, it was evaluated the possible competence with 

other adsorbates present in the medium. Therefore, the fixed-bed column packed with 

pellets of the agglomerated adsorbent A-SBA-15-SH-10 was also tested for the treatment 

of continuous water streams containing mixtures of As(III) and Hg(II) species, due to the 

probed outstanding affinity of thiol-functionalized silica with mercury compounds.32,33 

To this effect, aqueous Hg(II) solutions were prepared from HgCl2 and mercury 

concentration was determined by means of CV-AFS, as described elsewhere.42 Fig. 6b 



 

 

displayed four breakthrough curves corresponding to pure arsenic solution, pure mercury 

solution, and equimolar mixtures of both elements. The concentration of the solution feed 

and the flow rate were fixed at 0.05 mmol L-1 for each element and 80 mL h-1, 

respectively. It was apparent that the breakthrough times for mercury solutions were 

widely larger than the observed with arsenic solutions due to the well-known strong liking 

of the thiol groups for mercury species and the more favorable 1:1 mercury/sulfur 

stoichiometry against the 1:3 arsenic/sulfur stoichiometry. Furthermore, the breakthrough 

and exhaust times decreased for both species when the experiments were carried out with 

the mixture, although the As(III) breakthrough curve was most affected, as glancing at 

Fig. 6b. Nevertheless, despite the degradation of the performance of the fixed-bed column 

for arsenic retention observed in the presence of mercury species, it should be concluded 

that adsorption capacity of the thiol-functionalized SBA-15 materials, both in batch and 

continuous experiments, was very adequate for arsenite removal. 

 

CONCLUSIONS 

All thiol-functionalized SBA-15 silicas prepared in this study through a one-step 

synthesis by the co-condensation method have been probed very effective adsorbents for 

arsenite removal from aqueous solution. The As(III) adsorption isotherms has been 

completed up to saturation by means of batch experiments for all materials powder, 

denoted as SBA-15-SH-x, and it has been confirmed the ability of the Langmuir model 

to fit them. The observed high affinity of the adsorbents with aqueous As(III) at low 

concentration shows the feasibility of reducing arsenic levels in solution below the 

regulated limit. Maximum arsenic adsorption capacity increases with the thiol 

functionalization degree, reaching values as high as 0.46 mmol/g, an amount clearly 

superior to found in the literature for comparable materials. The solution pH plays a 



 

 

significant role in the arsenite adsorption on the SBA-15-SH-x materials as evidenced 

through kinetics and equilibrium experiments. The best performance occurs at pH = 8, 

the natural of the studied arsenite solutions, being more marked the loss of efficacy for 

very alkaline pH. Finally, in order to explore the practical use of the materials for the 

treatment of water streams polluted with arsenite, it has been developed a new adsorbent 

agglomerated with a bentonite and methylcellulose (A-SBA-15-SH-10). The fixed-bed 

experiments carry out using a vertical column with bottom-up flow have shown the 

satisfactory performance of the material in different operating conditions, even in the 

presence of mercury, a strong rival for the active sites of the adsorbent. 
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Table 1. Textural properties and sulfur content of powder-like and pelletized materials. 

Material 

 

Dp 

(nm) 

SBET 

(m2/g) 

Vp 

(cm3/g) 

S content 

(mmol/g) 

SBA-15 6.9 710 0.83 − 

SBA-15-SH-10 6.3 680 0.79 1.20 

SBA-15-SH-20 5.1 346 0.47 1.99 

SBA-15-SH-30 4.6 259 0.29 2.98 

SBA-15-SH-40 4.4 145 0.19 3.97 

A-SBA-15 6.9 318 0.67 − 

A-SBA-15-SH-10 − 156 0.15 1.21 

 

 

 

 
Table 2. Estimated parameters from Langmuir and Freundlich fits to the experimental As(III) 

adsorption isotherms on SBA-15-SH-x materials at 20 ºC. 
 

 Langmuir model Freundlich model  

Adsorbent 
Q0 

(mmol/g) 

b 

(L/mg) 
R2 n 

KF 

(mmol/g)(L/mg) 
R2 

Molar ratio 

sulfur/As(III)  

SBA15-SH10 0.27 0.33 0.990 1.61 0.027 0.811 4.4 

SBA15-SH20 0.32 0.38 0.999 5.59 0.014 0.968 6.2 

SBA15-SH30 0.39 0.39 0.998 7.29 4.798 0.977 7.6 

SBA15-SH40 0.46 0.41 0.999 0.27 0.266 0.917 8.6 

 

 

Table 3. Experimental maximum capacities, qe(max), obtained for the adsorption of As(III) on 

SBA-15-SH-40 and estimated Q0 parameters from the Langmuir model. 

 

pH  2 5 8 10 12 

qe(max)/(mmol/g) 0.35 0.39 0.46 0.30 0.26 

Q0/(mmol/g) 0.34 0.37 0.46 0.29 0.26 

 

 



 

 

 
Table 4. Estimated parameters for the fitting of pseudo-second order kinetic model to 

experimental kinetic results 

pH  2 5 8 10 12 

qe/(mmol/g) 0.39 0.43 0.48 0.30 0.26 

k2 /(g/min·mmol) 0.032 0.031 0.037 0.066 0.099 

 

 

 

 

 

Table 5. Dynamic parameters estimated from breakthrough curves 

for As(III) adsorption on fixed-bed column experiments. 

Q (mL h-1) tb (min) te (min) As(III) 

removal (%) 

10 3135 3870 91.9 

80 363 480 88.6 

160 182 277 82.5 
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Figure 1. Textural properties of powder-like SBA-15 and SBA-15-SH-10, and 

agglomerated A-SBA15-SH-10 solid. (a) Nitrogen adsorption-desorption isotherms at 77 

K. (b) B.J.H. pore size distributions.  
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Figure 2. Aqueous arsenite adsorption isotherms at 20 ºC and initial pH = 8 for SBA-

15-SH-x powder and agglomerated A-SBA-15-SH-10 materials. Solid curves obtained 

from Langmuir’s fitting. 
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Figure 3. pH dependence of aqueous arsenite adsorption isotherms at 20 ºC for SBA-

15-SH-40. Solid curves obtained from Langmuir’s fitting. 

 

 

 



 

 

 

 

Figure 4. As(III) speciation diagram as a function of pH calculated for an aqueous 

sodium arsenite with initial concentration of 50 mg/L. 
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Figure 5. (a) Temporal evolution of the As(III) amount adsorbed on SBA15-SH-40 as a 

function of solution pH. Solid lines were obtained from pseudo-second order kinetics 

fitting. 

 

 



 

 

 
 

 

 

 

 

 

0 100 200 300 400 500 600 700 3000 3750 4500

0.0

0.2

0.4

0.6

0.8

1.0

 

 

C
t/C

0

t (min)

 Q = 160 mL h
-1

 Q = 80 mL h
-1

 Q = 10 mL h
-1

(a)

 

0 200 400 600 800 1000 1200

0.0

0.2

0.4

0.6

0.8

1.0

 

 

C
t/C

0

t (min)

 As(III) (mixture) 

 As(III)

 Hg(II) (mixture)

 Hg(II)

(b)

 

Figure 6. Breakthrough curves from fixed-bed column adsorption experiments on A-

SBA15-SH-10 for the initial concentration C0  = 0.05 mmol L-1. (a) As(III) adsorption as 

a function of the volumetric flow rate. (b) Competing adsorption between mercury and 

arsenic for an equimolar As(III) and Hg(II) mixture at flow rate Q = 80 mL h-1. 


