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Abstract Aminopropyl-functionalized mesoporous silica
spherical particles were obtained through post-synthetic
route. The suitability of this material as an adsorbent for
heavy metals from aqueous media was tested by Cr(VI)
adsorption experiments performed at various pH conditions,
chromium concentrations and time. The synthesized parti-
cles were characterized before and after functionalization
by X-ray diffraction at low angles, nitrogen adsorption—
desorption isotherms, infrared Fourier transform spec-
troscopy, scanning electron microscopy and thermogravi-
metric analysis. It was found that Cr(VI) adsorption occurs
more efficiently in the pH range between 2 and 3. As a
consequence of the nanometer scale of the particles, con-
centration profiles do not develop inside of them and thus
there are no diffusional restrictions within the pores, leading
to a higher Cr(VI) adsorption than that previously reported
for similar systems. Chromium desorption for material re-
utilization was carried out in basic media. Results showed
that the amino groups were grafted successfully without
mesostructure damage. These groups are essential for the
metal ion removal and no significant leaching was observed
after four use/regeneration/use cycles. The batch equilibri-
um data fitted well the Langmuir isotherm with a maximum
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adsorption capacity of 87.1 mg g~ at 25 °C. A discussion
about the relationship between structure and its behavior as
adsorbent, including regeneration and reusability, is given.

Keywords Ordered mesoporous silica - Spherical
particles - Amino-functionalization - Adsorption -
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1 Introduction

Population growth and the industrial activity associated
with it generate large amounts of wastes and effluents
containing different organic and inorganic pollutants [1].
Thus, in the last decades a growing level of pollution has
been recorded in the different sources of drinking water.
Heavy metals are among the most important contamination
sources, and especially the chromium as it has high mu-
tagenesis capability even at very low concentrations. The
main industrial sources of Cr(VI) are: alloys and steel
manufacturing, metal finishing, electroplating, leather tan-
ning, and pigments synthesis and dyeing. For these reasons,
considerable efforts have been made to develop new pro-
cesses and materials for industrial wastewater treatment,
recovery of pollutant species and remediation of the af-
fected water sources. Adsorption is one of the most fre-
quently used techniques [2, 3], with a great number of
materials being tested as adsorbents. The materials that
have been studied so far include: natural or synthetic solids
[4, 5], clays or mixed hydroxides [6, 7], metal oxides [8],
natural organic matter [9], bioadsorbents (bacterium, algae
and fungi) [10], advanced material such as functional
polymers, organic/inorganic hybrid structures [11-13], etc.
Among them, organic/inorganic hybrid materials based on
ordered mesoporous silicas (OMS) are more useful than
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other materials since they exhibit high specific surface ar-
eas and narrow pore size distributions [14, 15]. Moreover,
these OMS-based hybrid materials provide both a high-
thermal stability, due to the SiO, three-dimensional net-
work, and a specific surface chemical reactivity, deter-
mined by the different organic functions that can be added
to the surface [16]. There are two routes for the incorpo-
ration of organic functions onto OMS solids, i.e., the co-
condensation route and the post-synthesis or post-grafting
method. The selected method clearly affects the textural
and chemical properties of the final hybrid silica material
and thus its performance as adsorbent [17]. This is mainly
because when co-condensation is used, up to 80 % of the
organic groups may be incorporated within the walls of the
mesoporous matrix and therefore they are inaccessible for
the adsorbate [18]. When the post-synthesis method is
chosen, a complete exposure of the organic functions can
be achieved [19].

Several kinds of organically modified OMS have been
used for adsorption of heavy metals ions. The results show
a high separation capacity for these adsorbents and the
possibility of being regenerated and reused repeatedly [20—
23]. Besides, both the macrostructure morphology and the
size of the adsorbent particles have been found to affect the
behavior in the separation process [24, 25]. Therefore, it is
important to study the synthesis and evaluation of these
materials (e.g. defined morphology, accessible functional
groups, long-term stability) and their adsorptive capacity
towards heavy metals. Among the mesoporous silica ma-
terials, MCM-41, which has a hexagonal mesopores ar-
rangement, is an ideal candidate for designing general
purpose adsorbents once modified with organic groups,
because it can be obtained from an inexpensive source such
as rice husk [26].

The aim of this work is to study the Cr(VI) adsorption on
nanometer spherical mesoporous MCM-41 particles in order
to avoid diffusional effects. The synthesis and charac-
terization of aminopropyl-modified MCM-41 nano spheres
using the post-synthetic surface modification route are re-
ported. Cr(VI) adsorption onto the resulting material was
evaluated and the effect of pH, time and metal concentration
on the adsorption was studied. Desorption in basic media
was carried out to study adsorbent regeneration.

2 Materials and methods

2.1 Synthesis of mesoporous silica spherical
particles

Ordered mesoporous silica spheres were prepared following

the methodology proposed by Griin et al. [27] using te-
traethyl orthosilicate (TEOS, >99 %, Aldrich) as silica
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source, n-hexadecyltrimethylamonnium bromide (CTMABH,
>98 %, Sigma) as structure-directing agent, distilled water,
absolute ethanol (Cicarelli, 99.5 %) and NH,OH (28 % p/p)
to generate an alkaline medium. To obtain ~2.5 g of solid
product, 100 mL of distilled water, 60 mL of NH4,OH, 5 g
of CTMABTr, 150 mL of absolute ethanol and 10 mL of
TEOS were mixed under vigorous magnetic stirring. The
synthesis gel has the following molar composition:
1TEOS:0.3CTMABTr:11NH,4OH:58ethanol: 144H,0. The
reaction mixture was kept under stirring at room temperature
(30 °C) for 2 h. The white precipitate was collected by fil-
tration and washed with distilled water. To remove the
CTMAB-r the sample was calcined up to 550 °C in air at-
mosphere for 2 h, with a heating rate of 10 °C min~'. The
final sample obtained was called MSSP.

2.2 MSSP aminopropyl-functionalization

Two aminopropyl-functionalized hybrid materials were ob-
tained by post-synthetic treatment of MSSP using
3-Aminopropyltriethoxysilane (APTES, >98 % Sigma) in
toluene. For this purpose, 1.5 g of MSSP were dispersed in
150 mL of toluene and heated at 80 °C under intense
magnetic  stirring. Later 1.5g of APTES (8=
0.989 cm® g~') was added and the mixture was stirred at
80 °C for 6 h. After this period the solid product was
separated by Buchner filtration and washed four times with
50 mL of ethanol and four times with 50 mL of water. The
aminopropyl-modified sample was called MSSP-APS. A
fraction of this sample was treated with water under mag-
netic stirring at T = 30 °C for 24 h, with a solid/water ratio
equal to 1 g L', The resulting solid was filtered on Buch-
ner and dried at 100 °C. This sample, extensively washed,
was named MSSP-APSw.

2.3 Sample characterization

The solids were characterized before and after functional-
ization by X-ray diffraction (XRD) at low angles, N, ad-
sorption—desorption at —196 °C, infrared spectroscopy
(FT-IR), thermo-gravimetric analysis (TGA) and scanning
electron microscopy (SEM).

All X-ray diffraction patterns at low angles were
recorded using a standard automated powder X-ray
diffraction system (Philips PW 1710) with diffracted-beam
graphite monochromator wusing Cu K, radiation
(A = 1.54056 A) in the range 20 = 1.5°-8° with steps of
0.02° and counting time of 2 s/step.

The N, adsorption—desorption isotherms were obtained
in a Micromeritics equipment ASAP 2020 V1.02 E. The
surface area was estimated by the Brunauer—Emmet—Teller
(BET) method and the total pore volume was obtained at
P/Py = 0.99 using the Gurvich method. The pore size
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distribution was determined by the Barrett—Joyner—Halen-
da/Kruk—Jaroniec—Sayari (BJH-KJS) method from the ad-
sorption branch of the isotherm [28].

The FT-IR absorption spectra were acquired with a
Bruker IFS66 spectrometer with 1 cm ™' resolution by co-
addition of 32 scans. The samples were mixed with
potassium bromide (1:100 proportion) in order to obtain
the corresponding pellets.

A Philips 505 microscope was used for SEM analysis.
The TGA measurements were performed on a Shimadzu
TGA-50 apparatus. The sample was heated from room
temperature to 750 °C at a heating rate of 5 °C min~'
under air flow (20 cm® min™").

2.4 Chromium adsorption experiments

A stock solution of Cr(VI) (1500 ppm) was prepared using
distilled water and the primary standard K,Cr,O, (Ci-
carelli, reagent grade). All the Cr(VI) solutions used in the
present work were obtained by diluting this primary solu-
tion using a precision variable volume single pipette (range
1000-2500 £ 12 pl). In all cases batch-like experiments
were realized under magnetic stirring (500 rpm) with 25 ml
of chromium solution at the desired initial concentration
and 25 mg of fresh adsorbent. The temperature for all tests
was 25 + 2 °C.

Cr(VI) uptake was investigated as a function of time by
performing experiments at different pH at 25 °C. To that
end, 25 mg of adsorbent were suspended under magnetic
stirring in 25 ml of 10 ppm Cr(VI) aqueous solution with
the selected pH value. These experiments were conducted
in duplicate at constant pH values of 2.2, 3.5, 5.1 (£0.2). In
all the cases the desired pH value was adjusted by adding a
small amount (one or two drops) of concentrated hy-
drochloric acid solution at the beginning of the experiment
and, if necessary, during the test. In addition, an ex-
periment was conducted by adding the solid sample to a
10 ppm chromium solution without HCI, in this case the
initial pH was 5.1. This last assay was called test without
pH control.

To obtain the adsorption isotherm at 25 °C, experiments
were carried out with 25 mg of adsorbent kept in suspension
by magnetic stirring in 25 ml of solution. Different initial
chromium concentrations in the range 10-130 ppm (ob-
tained by dilution of the stock solution as previously ex-
plained), with constant pH equal to 2.2 (£0.2) adjusted
using HCl and contact time of 24 h were studied. In order to
diminish the experimental error, each experiment was per-
formed twice using fresh solid each time. Due to the fact that
adsorption velocity of Cr(VI) is high, as previously reported
for different solids [7, 9, 11] and will be further discussed
with the results of the present work, it was assumed that at
the end of this period of time equilibrium was attained. In all

the experiments, after adsorption, the solids were separated
by filtration and the residual chromium concentration in the
supernatant was determined by visible-UV spectroscopy at
540 nm using the method of 1,5 diphenylcarbazide [29].
Details of this technique are shown in Supporting Informa-
tion Section. The percentage of chromium removed, R, was
calculated by the following equation: R(%) = (Cy — Cy/
Co x 100 %, where C is the initial Cr(VI) concentration,
and C, is the concentration at time t or at equilibrium (24 h).

2.5 Chromium desorption and reutilizationand
stability of the mesoporous hybrid material

Desorption was performed under basic conditions. The
used hybrid material (with adsorbed chromium) was im-
mersed into a NaOH solution (pH 8) and stirred for 60 min.
The regenerated solid was separated by filtration, dried and
was reused in a new adsorption test performed as described
above (pH = 2.2 and 10 ppm of chromium). This adsorp-
tion/desorption cycle was repeated four times to evaluate
the long term reusability of the synthesized particles.

To test the stability of the mesoporous hybrid material,
the aminopropyl leaching in aqueous media, which emu-
lates the desorption process, was measured. For this pur-
pose, 100 mg of APS sample was contacted 50 ml of basic
solution (pH 8) and stirred over 240 min. After that, the
sample was separated by filtration and the amino groups in
solution were determined by titration using HCI1 0.1 M as it
was described in literature [30].

3 Results and discussion
3.1 Solid characterization

Figure 1 shows the SEM images of particles from which
the size distributions were obtained, considering 150 par-
ticles for each sample (Fig. 2). The distributions were fitted
using a gauss function. It can be seen that all samples are
composed of spherical particles (Fig. 1a- for MSSP, b- for
MSSP-APS and c- for MSSP-APSw). The diameter
(arithmetic mean) is equal to 459 4+ 11, 487 + 10 and
467 £ 6 nm and the estimated width at half height
(FWHM) is 280, 238 and 250 nm for MSSP, MSSP-APS
and MSSP-APSw respectively.

Figure 3 shows the XRD patterns at low angles for the
MSSP, MSSP-APS and MSSP-APSw. In all diffractograms
a narrow main peak is observed at 20 = 2.6°, and for
sample MSSP two wide peaks with lower intensity, be-
tween 4° and 6°, are also visible. These diffraction patterns
are characteristic of the ordered mesoporous materials and
in our case is associated with a hexagonal arrangement of
mesopores characteristic of MCM-41 material [14]. For
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Fig. 1 SEM images of (a) MSSP, (b) MSSP-APS and (c) MSSP-
APSw

@ Springer

MSSP-APSw

MSSP-APS

Particles number (a.u.)

200 300 400 500 600 700 800
Particle diameter (nm)

Fig. 2 Particle size distribution of MSSP, MSSP-APS and MSSP-
APSw from SEM measurements (lines were obtained fitting the
results by assuming a gauss distribution)

example, the interplanar distance for sample MSSP were:
digo = 3,4 nm, dy19 = 2.0 nm, dro9 = 1.8 nm. However, a
decrease in the intensity of the diffraction peaks of the
functionalized samples (APS samples) is observed. This
was reported previously for amino grafted OMS materials
obtained by the post-synthetic method, and was associated
with two different phenomena: a partial structure damage
of the ordered mesophase [24, 31] or a contrast matching
between the inorganic SiO, framework and the grafted
organic groups [19]. Surprisingly, the reduction in the main
diffraction peak is more marked in the sample MSSP-APS
than in MSSP-APSw. Further discussion of this behavior is
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given below, with the analysis of the textural properties
obtained from the nitrogen adsorption—desorption ex-
periments and the TGA measurements.

To corroborate if the organic groups were incorporated
covalently to the mesoporous structure, FT-IR measure-
ments were conducted (Fig. 4). The spectrum of MSSP
shows two bands at 1090 and 810 cm™' which can be as-
signed to antisymmetric and symmetric stretching of the
Si—O-Si species respectively [32]. Additional bands were

MSSP (a)
MSSP-APS (b)
MSSP-APSw (c)

Intensity (a.u.)

20(%)

Fig. 3 XRD patterns at low angles of pure and hybrid materials

S
<
5 . MSSP-APS
& |
1S
2
S
|_
| MSSP-APSw
690 Li=— 1560

1 1470—

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber (cm™)

Fig. 4 FT-IR spectra of MSSP, MSSP-APS and MSSP-APSw

observed in the aminofunctionalized samples at 690, 1470
and 1560 cm ™', which can be attributed to the presence of
amino groups [32, 33]. The band corresponding to the
surface Si—OH stretching at 960 cm ™' becomes a shoulder
in the APS samples when compared with MSSP spectrum,
indicating that the presence of the amino groups reduce to
some extent the amount of Si—OH species on the surface
[32]. Therefore, these results indicate that in APS samples
aminopropyl groups are covalently attached. It is important
to remark that the aminopropyl groups incorporation onto
OMS materials is frequently carried out using an APTES-
toluene solution at its boiling point (& 110 °C). Taking
into account our FT-IR results jointly with the Cr(VI) ad-
sorption data discussed bellow, it is demonstrated that is
not necessary to use higher temperatures than 80 °C to
get a covalently attach of aminopropyl groups onto MCM-
41 surface. Higher temperatures lead to an unnecessary
waste of energy, and also increase the possibility of dam-
aging the mesostructure of the primary silica matrix.

100 + a
5;? 990
e
8
2 MSSP-APSw
®© 80
€

MSSP-APS
"I 1 1 1 1 1 1 I\ASISP

0 100 200 300 400 500 600 700 800
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Fig. 5 Thermogravimetric analysis (a) and first derivative curve
(DTG) (b)
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Figure 5 shows the TGA and the first derivative (Ist
DTG) curves for the amino-functionalized and pure OMS
samples. The loss of mass observed at low temperature is
produced by desorption of physisorbed water molecules on
the solid, a process that ends at ~ 130 °C. The function-
alized samples present a second peak, which is much
higher than for MSSP, and can be ascribed to the
elimination of the aminopropyl grafted groups [31, 34, 35].
For MSSP-APS this second peak, starts at about 220 °C,
while for MSSP-APSw it appears at about 300 °C, ending
in all samples at approximately 650 °C. Since condensation
of silanols groups (dehydroxylation) occurs in this range of
temperature it would be not possible, using this technique,
determine accurately the number of aminopropyl groups
anchored on the functionalized samples. However, taking
into account that the mass loss due to the dehydroxylation
of MSSP is much lower than that of the functionalized
samples (Fig. 5b), a rough estimation can be made.

The values calculated with these assumptions were of
14 % for MSSP-APS and 9 % for MSSP-APSw respec-
tively. As it was established above, the degradation of the
aminopropyl groups present in MSSP-APS starts at a lower
temperature than for MSSP-APSw sample [220 vs. 300 °C,
Fig. 5b (inset)]. Considering that the boiling point for pure
APTES is 226 °C, this last difference suggests that there
are two kinds of aminopropyl groups present in MSSP-
APS. The first one is physisorbed on the surface of the
mesopores; therefore, when temperature increases these
groups have a very similar behavior to pure APTES. The
second one is covalently bonded to the surface of the
mesoporous structure. This result indicates that a simple
wash after the post-synthesis surface modification is not
enough to remove the physisorbed, unreacted APTES,
while they are completely removed after immersing the
sample in water during 24 h under stirring.

Taking into account the previous discussion, the dif-
ference in XRD intensities between the samples (Fig. 3)
can be attributed to the different quantities of APTES and/
or aminopropyl groups present in the samples. Thus, when
the physisorbed APTES is removed, the intensity of the

principal peak increases, meaning that the sample MSSP-
APS did not suffer a damage of the mesostructure. Instead,
the intensity diminution can be attributed to the filling of
the mesoporous with APTES (physisorbed), which pro-
duces a decrease of the contrast in accordance with Mercier
et al. [19].

Figure 6 shows the nitrogen adsorption—desorption iso-
therms at —196 °C, while Table 1 shows the values of the
textural properties and the wall thickness for all samples.
The wall thickness values were calculated using the Braggs
equation and the mean pore diameter using a procedure
described in literature [36]. The isotherms of the pure and
amino modified samples show the characteristic shape of
type IV curves according to the IUPAC classification, as-
sociated with mesoporous materials. The absence of a
hysteresis loop is associated with a reversible adsorption—
desorption process suggesting the presence of pores with
diameters smaller than 4 nm [28, 37]. The point corre-
sponding to capillary condensation takes place at low
values of relative pressure; besides, a slight shifting to-
wards lower P/P, is observed for MSSP-APSw sample
indicating a reduction in the pores size caused by the post-
synthesis treatment. This shift is much more pronounced
for MSSP-APS. The specific surface area and total pore
volume undergo a considerable reduction after surface
modification (Table 1). The S, reduction is noticeably
higher for MSSP-APS (80 %) than for MSSP-APSw
(23 %), and would imply an almost complete filling of the
pores in MSSP-APS due to the presence of physisorbed
APTES which may block the entrance of the pores. This is
not observed in MSSP-APSw sample because the ph-
ysisorbed APTES was removed after washing 24 h. Due to
the poor porosity of MSSP-APS system, mean pore di-
ameter determination, through the BJH-KJS method, and
wall thickness were not possible to calculate.

Taking into account that the surface of MCM-41 is rich
in silanol groups (Si—OH), the variations observed for
MSSP-APSw can be partly explained considering the fol-
lowing scheme for the reaction between MSSP and
APTES:

Si—OH si—lo
. Toluene
Si=OH + APTES > Si— 0—Si /\/NHz + Ethanol
80°C, 6 hs /
Si—OH Si—0
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Fig. 6 Nitrogen adsorption (full symbols)-desorption (empty symbols)
isotherms for MSSP, MSSP-APS and MSSP-APSw

Table 1 Textural properties of MSSP, MSSP-APS and MSSP-APSw

Sim*g™) Vp(em’g™) D§(m) Eg, (nm)
MSSP 1081 0.6 29 1.0
MSSP-APS 189 0.1 - -
MSSP-APS-w 834 0.4 2.5 1.3

4 Sg: specific surface area
° Dp: average pore diameter
¢ Vp: specific pore volume

4 Ewall: wall thickness

However, the reduction in the mean pore diameter
(Table 1) caused by the difference in sizes between the OH
group and the aminopropyl group, cannot account for the
total variations observed in S, and V. Thus, in MSSP-
APSw a small fraction of the pores might be occluded by
anchorage of aminopropyl groups. Then, the variations in
the textural properties in MSSP-APSw can be explained
considering some hierarchical polymerization of the
organosilane grafted groups that cause a partial blockage a
some pores decreasing S, and V. The latter explanation
has been recently reported even for SBA-15 systems with
pore diameters larger than 5 nm [20]. Finally, the wall
thickness showed a slight increase for MSSP-APSw in
comparison with MSSP, in agreement with the variation
recorded in Dy, as in can be seen in Table 1.

3.2 Chromium adsorption

Due to the poor porosity of the MSSP-ASP sample, this
was not tested for adsorption experiments. All adsorption
tests which will be mentioned hereafter were made with the
MSSP-APSw sample.

ST IR

—4+OH-e—

(2] [e ]
o o
T T

Removal (%)
8

20 -

1 1 1 1
50 100 150 200 250
Time (min)

ora

Fig. 7 Chromium removal (%) at different pH constant values as a
function of time using 25 mg of adsorbent in 25 mL of 10 ppm
chromium solution and 25 °C, filled squares: MSSP (pH 2.2) and
MSSP-APSw filled circles: (pH 2.2), open squares: (pH 3.1), filled
inverted triangles: (pH 5.1)

The Cr(VI) adsorption kinetics at constant pH values of
2.2,3.5and 5.1 (£0.2) was determined with a Cr(VI) initial
concentration of 10 ppm (Fig. 7). Fast adsorption velocity
was observed, reaching 95 % removal in the first 15 min
and keeping at approximately constant values throughout
the whole period of time studied and in the whole pH
range. A complete chromium removal was attained only
when the pH was fixed externally at 2.2. No significant
Cr(VI) adsorption takes places when MSSP was used as
adsorbent material at pH = 2.2 (Fig. 7), indicating that the
presence of surface amino groups generates the necessary
sites for the interaction with the chromium species.
Figure 8 shows the removal percentage at constant time
(240 min) in the pH range of 2.2-7.1. The dependence with
the pH of the adsorption capacity of the solids towards
different metals is determined by two factors, the metal
behavior in solution and acid—base characteristics of the
solid surface. The behavior of Cr(VI) in aqueous solution
can be described by the following equations, Eq. (1-3):

HCrO; < CrO; + H' (pKa = 5.9) (1)
H,CrO4 — HCrO; + H* (pKa = 4.1) (2)
Cr,05” + H,0 < 2HCrO; (pKa = 2.2) (3)

Thus, at pHs between 2.2 and 5.9 and a Cr(VI) con-
centration equal to 10 ppm, the predominant species is
HCrO,~ [7, 9]. On the other hand, in this range of pH
almost all the surface amino groups of the adsorbent are in
the ammonium form —NH;r [38, 39]. Therefore, the small
differences observed in the chromium uptake in the pH
range of 2.2-5.1, displayed in Fig. 8, can be understood
considering that a gradual loss of protons of the surface
silanols (pKa &~ 6-7) and a decrease in NH3*/NH, ratio
take place as the pH increases [24, 38, 40].
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Fig. 8 Effect of pH in chromium removal (%) at constant time of
240 min for MSSP-APSw, 25 mg of adsorbent in 25 mL of 10 ppm
chromium solution and 25 °C
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Fig. 9 MSSP-APSw free pH assay: chromium removal (%) (filled
squares) and pH value variation (open squares) versus time

If the pH is not regulated externally, free pH assay, an
increase from 5.1 to 7.1 in the pH value was observed and
the kinetic adsorption shows a more complex behavior
(Fig. 9) than in the experiments conducted at constant pH
values. In the first 30 min the amount of Cr(VI) adsorbed
increased gradually, while pH increases from its initial
value to 7.1. After that time, desorption of the chromium
initially adsorbed starts, up to the complete desorption.
Walcarius et al. realized a detailed analysis of the rate of
protonation on different OMS modified with amino groups
[24]. They determined that the protonation in distillated
water of ordered mesoporous organosilicas was extremely
fast in the early times, with >80 % protonation in <2 s. So,
in the early stage of the free pH assay, the Si-C3HgNH;™"
species are produced very quickly and this generates the
first suitable sites for chromium adsorption. As the pH
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increases gradually (Fig. 9, empty symbols) it promotes the
CrO,*~ formation and the gradual deprotonation of the
ammonium and silanols surface species. Finally, when
pH =~ 7 the principal Cr(VI) specie is CrO4>~ (80 %)
while HCrO, ™ is the minor one (20 %) [41]. At this stage
the deprotonation of the remaining surface silanols is more
pronounced, which generates a surface with some negative
charges. In consequence, the silanolates species would re-
pel the initially adsorbed chromium anions; an adsorbent/
adsorbate repulsion takes place due to the negative charge
of the chromium anion and the SiO~ species. This phe-
nomenon was reported previously by other authors but
dealing with positive charges [42]. In this case, they re-
ported that the formation of positively charged complexes
located on the internal walls of the porous material, acted
as an electrostatic barrier, limiting the further penetration
of large quantities of positively charged species.

In order to determine the maximum adsorption capacity
of MSSP-APSw, the adsorption isotherm at 25 °C was
obtained under equilibrium conditions (24 h) at pH 2.2,
with initial concentrations of Cr(VI) between 10 and
130 ppm and adsorbent particle size of 467 + 6 nm
(Fig. 10a). The Langmuir monolayer model was used to fit
the experimental data of the isotherm. The Langmuir iso-
therm can be linearized as shown in Eq. (4):

Ce/qe = l/KLqmax + Ce/qmax (4)

where Qmax 1S the maximum adsorption capacity of the
adsorbent in mg of adsorbate per g of adsorbent,
Ky (L mg_l) is the Langmuir constant which is related to
the intensity of adsorbent/adsorbate interaction, q. is the
adsorbed amount in mg g~' and C, is the concentration of
adsorbate in equilibrium in the solution expressed in
mg L™'. A correlation factor R? equal to 0.997 was ob-
tained (Fig. 10b), indicating that this model represents
properly the system under study. Therefore, a monolayer of
HCrO,4 ™ probably forms on the solid surface. A q,.x value
of 87 mg g~ ' was found, which is higher than that reported
for adsorbents composed of other solids such as modified
activated carbons [11] and modified iron oxide magnetic
nanoparticles [8, 43]. Cao et al. assessed an amino-func-
tionalized MCM-41 for the adsorption of Cr(VI) at pH < 4,
and the maximum adsorption capacity reported was
38.55 mg g~ ' [22]. The controlled morphology, the small
size of the adsorbent particles and their narrow size dis-
tribution present in our system, might be responsible for the
difference found between both materials. Larger particle
sizes could have diffusional hindrance inside the pores,
controlling the process. To support this idea, the adsorption
rate and the intraparticle diffusion rate for our system were
compared by means of the Thiele modulus (h) [44]. A
value of h*> = 1077 was obtained, expressing that the in-
traparticle diffusion rate exceeds the adsorption rate by
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Fig. 10 a Adsorption isotherm obtained at constant pH (2.2),
T = 25 °C for Cr(VI) on MSSP-APSw from experiments performed
in 25 mL solution containing initially chromium concentration in the
range 10-130 ppm, b linearization of adsorption experimental data
using the Langmuir model

about seven orders of magnitude. Thence, it can be af-
firmed that pore resistance effects are negligible and that
the solution bathes the whole pore volume with a uniform
concentration of Cr(VI). Details of this calculation are
shown in Supporting Information Section.

Therefore, the results indicate that the solid MSSP-
APSw exhibits a very high adsorption capacity for aqueous
Cr(VI) compared to other absorbents.

3.3 Reutilization and stability of mesoporous hybrid
material

As stated in the previous section, MSSP-APSw have high
capacity to Cr(VI) removal from water. However, it is very
important to evaluate the possibility of degradation of the
material under operation conditions, which is essential for
their reusability and thus for their long-term application.
As was described, the MSSP-APSw sample was used in
chromium adsorption experiments at pH = 2.2 and 10 ppm

100 -

80
60 -
40}
20}
% 1 2 3 4

Cycle number

Chromiun removal (%)

Fig. 11 Variation of the chromium sorption capacity of MSSP-APSw
measured at pH = 2.2, 25 °C and Cr(VI) 10 ppm (adsorbent/Cr(VI)
solution ratio equal to 1 mg mL™"), for four successive experiments
after desorption between them in 107®*M NaOH for 60 min
(adsorbent/basic solution ratio equal 1 mg mL™"

chromium concentration (reaching 100 % removal when
used for the first time). After filtrate, and in order to desorb
the adsorbed chromium, the used sample was suspended in
basic solution (NaOH, pH 8) with an adsorbent/solution
ratio equal to 1 mg mL ™", stirred for 60 min and separated
by filtration. This adsorption/desorption cycle was repeated
four times. A slightly decreasing tendency is observed, but
in all the cases, the adsorbed chromium percentage is up to
90 % (Fig. 11).

It is well known that silica matrices containing amino
functions can suffer from dissolution at the pore surface
and subsequent leaching of the organic functions. This
reaction is faster when pH increases due to the basic
properties of -NH, functions that attack the Si—~O-Si net-
work. For MSSP-APSw sample after 240 min in basic
medium (NaOH, pH 8) 6.5 % of amino leaching was
registered. This small fraction of the aminopropylsilane
groups would be lost, in the same way, in the chromium
desorption procedures and could explain the slight decrease
in Cr(VI) adsorption depicted in Fig. 11.

4 Conclusions

Ordered mesoporous silica spherical particles, whose sur-
face was modified with anchored aminopropyl groups,
were synthesized. It was demonstrated that a post-synthesis
surface modification under mild reaction conditions (6 h,
T = 80 °C) does not alter the initial mesoporous structure.
The incorporation of amino groups provides to the solid a
good capacity and a rapid kinetic towards adsorption of
Cr(VI) in aqueous medium. The behavior of the organic/
inorganic hybrid material as adsorbent is highly affected by

@ Springer
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pH. The maximum adsorption capacity of Cr(VI) is at-
tained at controlled pH between 2 and 3, due to the fact that
at higher pH the deprotonation of both, amino and Si—-OH
surface groups occurs. As a consequence chromate anions
will appear, leading to an adsorbent/adsorbate repulsion,
which makes the adsorption process be less efficient. The
maximum adsorption capacity, 87.1 mg of Cr(VI) per gram
of solid at pH = 2.2, was determined applying the Lang-
muir monolayer model. This high q,,.x value compared
with other hybrid mesoporous silica adsorbents might arise
from the narrow particle size distribution, with nanometric
particles, which results in a high accessibility of the ad-
sorbate species at active sites located deep inside the ad-
sorbent framework and the absence of diffusional
restrictions within the pores. Therefore, there is not a
profile concentration inside the particles and the process is
controlled by the adsorption kinetic. It is remarkable that
the amino grafted functions are stable during use and re-
generation, giving the hybrid material long term stability
and reusability. The results reported in the present work
indicate that the obtained material could be used as ad-
sorbent for the separation/recuperation of aqueous Cr(VI).
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