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PROJECT SUMMARY 
PROJECT ID: R/UW-REM-006 

INVESTIGATOR:  

PRINCIPAL INVESTIGATOR: JAE K. PARK, PROFESSOR, CEE 

RESEARCH ASSISTANT: MIN JANG, PhD, CEE 

PERIOD OF CONTRACT: 7/01/2002~6/30/2003 

BACKGROUND/NEED:  

Through our batch tests, we found that this technique will be effectively applied for arsenic 

removal from groundwater.  However, it is needed to conduct experimental works with a 

real groundwater contaminated arsenic species in order to design the POU/POE 

application of arsenic removal.   

OBJECTIVES: 

The objectives of this study were as follows: (1) to develop novel adsorbents through 

synthesizing highly ordered mesoporous silica SBA-15 and incorporating lanthanum 

oxide using an incipient-wetness impregnation technique; (2) to characterize the 

physicochemical properties of these media using several fine characterization techniques 

such as; XRD, N2 gas isotherm analysis, and FTIR; (3) to evaluate the adsorption 

capacities through performing adsorption kinetics and isotherms of arsenate; and finally 

(4) to try to elucidate the adsorption behavior of the media in connection with the 

physicochemical characterization discovered by above fine tools. 

METHODS: 

Preparations of experimental procedure: Environmental Program Lab. (July/02~June/03) 

Kinetics and isotherms: Environmental Program Lab. (Sep/02~May/03) 

Analysis of physicochemical properties of media (Sep/02~June/03) 

XRD: Materials Science and Engineering  

N2 gas isotherms: Water Chemistry 

FTIR: Forest Product Lab. 

HRTEM: Materials Science and Engineering 

XPS: Materials Science and Engineering 

Surface complexation modeling: Environmental Program Lab. (Jan/03~March/03) 
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RESULTS AND DISCUSSION: 

XRD and N2 isotherm results showed that an immoderate substitution of lanthanum into 

silica networks was occurred at 80 percent of lanthanum impregnation even though 

lanthanum was highly dispersed into the mesopore structures of SBA-15 without a 

formation of lanthanum oxide particles.   

FTIR results showed that there was no structural collapse of silica frameworks at 80 percent 

lanthanum impregnation.  This can be explained as a result of a partial substitution of 

lanthanum precursors with silicon, which could play an important role in structural 

stabilization as has been shown by other studies.   

Although the arsenate adsorption densities increased with lanthanum impregnation up to 

50% (the most efficient percentage of lanthanum impregnation), it abruptly decreased at 

80% due to the substitution of lanthanum with silicon, leading to the overall reduction of 

arsenate adsorption capacity.   

At the arsenate concentration of 0.667 mmolAs/L in this study, the adsorption capacity of 

50% lanthanum-impregnated SBA-15 (designated to La50SBA-15) was 1.651 mmolAs/g, 

(123.7 mgAs/g) which was about 10 or 14 times higher than the other referenced values 

of La(III) impregnated alumina (0.172 mmolAs/g) or La(III) impregnated silica gel 

(0.118 mmolAs/g). 

CONCLUSIONS/IMPLICATIONS/RECOMMENDATIONS: 

Nano-scale impregnation of lanthanum onto SBA-15 has a lot of advantages in terms of not 

only adsorption velocity and capacity but also cost benefits for small scale of POU/POE 

application of arsenate removal since a small amount of lanthanum precursor is needed 

for impregnation and the regeneration of the lanthanum-impregnated mesoporous media 

will be applicable due to excellent structural stability of lanthanum-impregnated SBA-

15. 
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1.1 INTRODUCTION  
As a medium having higher sorption capacity than activated alumina, lanthanum oxide 

has higher isoelectric point (IEP) of 11.1 than activated alumina (9.2) (Misra and Nayak, 1995).  
It is also one of the cheapest rare-earth elements, is extracted from bastnaesite and monazite 
(Tokunaga et al., 1999b), and has been known as nontoxic and environmental friendly 
(Tokunaga et al., 1999a).  For these reasons, many researchers have investigated the 
precipitation and/or adsorption processes (Wasay et al., 1996a; Tokunaga et al., 1997) using 
lanthanum compounds for the removal of oxyanions such as selenium and arsenic species.  
Wasay et al. (1996a and 1996b) studied the adsorption process of a lanthanum-impregnated 
silica gel and La(III)-impregnated alumina to remove fluoride, phosphate, selenite, and arsenate 
ions.  A wet impregnation method was used to incorporate lanthanum ions on the surface 
functional groups.  Their adsorption isotherm results showed that the adsorption of each anion 
followed the Langmuir isotherm without interferences of other anions such as Cl−, Br−, I−, NO3

−, 
and SO4

2−.     
Up to now, using the characteristics of mesoporous materials, there has been a great deal 

of some efforts to develop several types of adsorbents for removal of arsenic or other toxic 
elements.  Fryxell et al., synthesized copper chelated ethylenediamine (EDA) immobilized 
mesoporous silicate as anion adsorbent.  In their synthesis procedure, they used the mesitylene 
organic solution to expand pore structures and cetyltrimethylammonium chloride/hydroxide as 
pore templating agent (Fryxell et al., 1999).  After grafting the ethylenediamine (EDA) silane 
onto the surface of mesoporous silica, Cu (II) ions were bonded to create octahedral complexes.  
Their media had positively charged hosts with three-fold symmetry which match the geometry of 
tetrahedral anions, so that they showed high selectivity of anions as well as high sorption 
capacity of about 140 mg (arsenate)/g.  Yoshitake et al., attempted to synthesize several types of 
cations (Fe3+, Co2+, Ni2+, Cu2+, and H+) coordinated aminosilane-functionalized MCM-41, SBA-
1, and MCM-48, inspecting the arsenate adsorption properties (Yoshitake et al., 2002; Yoshitake 
et al., 2003).  They found that Fe/NN-MCM-41 had a distribution coefficient of more than 
2.0×105 even at below 100 mg/L of arsenate concentration and showed the highest arsenate 
adsorption capacity of 2.5 mmolAs/g.  However, as described above, both cases tried to utilize 
complicated synthesis procedures, in which expensive and toxic chemicals were used, resulting 
in a significant limitation for a large-scale application.  Accordingly, in this study, simplified and 
economic synthesis routes of adsorbents, which still have high adsorption capacities of anionic 
toxic species, were investigated.  Using amphiphilic triblock copolymers as a structure-directing 
template agent, the mesoporous silica molecular sieves SBA-15 were successfully synthesized 
under hydrothermal conditions (Zhao et al., 1998).  The uniform two dimesional hexagonal 
(space group p6mm) mesopore channels of SBA-15 can be tailored by changing synthesis 
conditions.  The objectives of this study were as follows: (1) to develop novel adsorbents through 
synthesizing highly ordered mesoporous silica (SBA-15) and incorporating lanthanum oxide 
using an incipient-wetness impregnation technique; (2) to characterize the physicochemical 
properties of these media using several fine characterization techniques, such as XRD, N2 gas 
isotherm analysis, and FTIR, (3) to evaluate the adsorption capacities through performing 
adsorption kinetics and isotherms of arsenate; and finally (4) to try to elucidate the adsorption 
behavior of the media in connections with the physicochemical characterization discovered by 
above fine tools. 
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1.2 PROCEDURES AND METHODS 
Synthesis of lanthanum-impregnated SBA-15 and conductivity tests  

SBA-15 was synthesized using triblock copolymer (Pluronic P123, EO20PO70EO20, 
Aldrich®) as a structure-directing reagent and tetraethyl orthosilicate (Aldrich®) as a silica 
precursor.  A 4-gram triblock copolymer was dissolved in 60 mL of deionized water for 30 min 
and a 2 M hydrochloric acid solution was added.  The mixed solution was stirred for 30 minutes.  
Tetraethyl orthosilicate (TEOS) was then added to the mixture and heated at 35°C for 20 hrs.  
The mixture was transferred into a Teflon bottle and heated at 90°C for 24 hrs without stirring.  
The solid product was then filtered with a 0.45-μm filter paper and dried at room temperature 
under vacuum before calcination.  The mole fraction of each component for as-synthesized SBA-
15 was 1 mol TEOS: 5.854 mol HCl: 162.681 mol H2O: 0.0168 mol triblock copolymer.  The 
calcination was performed in an oven at 550°C for 6 hrs in air to remove the triblock copolymer 
organic component.  The calcined SBA-15 was preserved at room temperature under vacuum.  
La(NO3)3·xH2O (x = 3~5, Aldrich®) was selected as lanthanum precursor to incorporate into 
SBA-15 through use of an incipient wetness impregnation technique (Jang et al., 2003).  The 
mixture was dried in the hood at room temperature for 1 day.  To compare the IR spectra, 
lanthanum oxide was synthesized by the same lanthanum precursor with the following 
procedure.  A 100 mL solution of lanthanum precursor was prepared with a concentration of 3 
moleLa/L of deionized water.  The solution was then dried in an oven at 105°C for one day.  All 
solids were then calcined in an oven at the programmed temperature of the range starting from 
room temperature to 550°C at a rate of 0.5°C per minute, and preserved for 4 hours.  After 
calcinations, the solids were kept inside a vacuum chamber.   

In order to find the optimum temperature for completing the oxidation of lanthanum 
precursors, calcinations was conducted with different temperatures, followed by conductivity 
test.  The SBA-15 impregnated with highest impregnated percentage (80%) of lanthanum 
precursor was calcined in an oven at the programmed temperature of the range from room to 
planned temperatures at a rate of 0.5°C/min.  The solids were then calcined at final temperature 
for 4 hours.  After calcination, solids were kept on a vacuum chamber before conductivity tests.  
The conductivity tests were conducted according to the procedure described by Jang et al,  
(2003).   
Characterization of LaSBA-15  

A Stoe High Resolution X-Ray Diffractometer (Microphotonics, Allentown, Pa.) 
equipped with Cu Kα radiation (40 kV, 25 mA) was used to obtain x-ray diffraction patterns in a 
short range (0.8°~2.1°) for a series of lanthanum-impregnated SBA-15 and calcined SBA-15.  A 
wide range (10°~70°) of x-ray diffraction pattern was conducted for La80SBA-15, which has the 
largest portion of lanthanum (44.4 percent) based on the mass of media.  N2 gas adsorption-
desorption isotherms were performed at 77 K using a Micromeritics ASAP 2400 analyzer 
(Norcross, Ga.).  Media were dehydrated at 393 K for 1 day before performing isotherm tests.  
The BET specific surface area (ABET) was calculated by the linear part of the BET equation in 
the range of relative pressure range from 0.05 to 0.2.  The primary mesopore size distributions 
(PSD) of media were obtained using Barrett, Joyner and Halenda (BJH) method with the 
corrected Kelvin equation of the adsorption branch of the hysteresis loop of the nitrogen 
adsorption isotherm, which can accurately calculate pore size distribution under the assumption 
of a cylindrical shape of pores (Kruk and Jaroniec, 1997; Newalkar et al., 2001a; Newalkar et 
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al., 2001b).   The pore diameter corresponding to the maximum of PSD is denoted as WKJS.  The 
primary mesopore (Vp) was estimated using the βs plot method, which is an easily determined 
alternative to αs plot method (αs = vads (P/P0)/vads (0.4)).  Based on Frenkel, Halsey and Hill 
(FHH) theory, the vads of αs equation is replaced by the statistical thickness of the adsorbed gas 
layer to have a following equation: βs = [ln(0.4)/ln(P/P0)](1/2.7) (Lukens et al., 1999).  Micropore 
volume (Vmicro) and area (Amicro) were obtained by t-plot method.  The total pore volumes (Vt) 
were determined at 0.99 of relative pressure.  IR spectra were obtained by a Mattson Galaxy 
5020 FTIR spectrometer (Mattson Instruments, Madison, Wis.) to get the information of the 
change of functional groups onto the oxide surface and structural stability after lanthanum 
impregnation at room temperature.  Potassium bromide was used to mix with samples. 
Arsenate Adsorption Kinetic Tests 

Sodium arsenate (Na2HAsO4⋅7H2O, Sigma®) was used as the arsenate source for a stock 
solution without any modification.  A stock solution of arsenate (133 mmol/L) was prepared with 
0.01 M NaNO3 solution based on deionized water.  A Photronix® reagent grade water system 
was used to prepare all of deionized water.  Granular activated alumina (AA-400G, ALCAN®, 
8×14 mesh) was selected as a commercialized product for arsenic removal to compare the 
adsorption isotherm and kinetic data with various amounts of lanthanum-impregnated SBA-15.  
The specific surface area of activated alumina was 350~380 m2/g (ALCAN, 1997).   

Arsenate kinetic studies were conducted with various amounts of lanthanum-impregnated 
SBA-15 and granular activated alumina.  An aliquot of 1,000 mL of deionized water prepared 
with 0.01 M NaNO3 was poured into a reaction bottle for each kinetic study.  After adding 
arsenate stock solution to make the initial arsenate concentration of 0.267 mmolAs/L, the solution 
was stirred with a magnetic stirrer at a velocity of 500 rpm.  The pH of the solution was adjusted 
to 7.2±0.02 with an automatic pH titrator and the temperature was maintained at 20±0.5°C for 
one hour before a 0.15 gram of media was added.  In order to maintain a constant pH during 
kinetic studies, the automatic titrator was installed in the reactor and connected with a pH 
electrode and small tubes running from two pumps, titrating with small volumes of acid (HNO3, 
0.01 M) and base (NaOH, 0.01 M) stock solution.  One of the two pumps, connected to either the 
acid or base stock solution, was operated when the pH drifted ±0.02 pH units from the initial pH.  
An aliquot of 5 mL of suspensions was withdrawn at 2~60 minute intervals and filtered through 
a 0.45-μm Uniflo® filter unit for arsenate analysis.  It was found that the pseudo-second order 
kinetic equation agreed with many adsorption processes using heterogeneous materials, of which 
chemisorptions are the rate-controlling step (Ho and McKay, 1998; Reddad et al., 2002).  
Therefore, all of the kinetic data were fitted with a pseudo-second kinetic model to measure the 
rate constants, initial sorption rates, and adsorption capacities of arsenate.   
Arsenate Adsorption Isotherm Tests   

Granular activated alumina, SBA-15, and the most efficient lanthanum percentage, 50 
percent, impregnated SBA-15 were used for isotherm tests.  In this test, the initial arsenate 
concentration was fixed at 0.267 or 0.667 mmol/L, and masses of media were varied.  A 50 mL 
of NaNO3 (0.01 M) solution prepared with deionized water was poured into a polyethylene 
bottle.  Then, arsenate stock solution and media were added to achieve target arsenate 
concentrations as well as the pH of the samples was adjusted to 7.2±0.02 with acid and base 
stock solutions while mixing with magnetic stirrer.  All samples were mixed in a rotary shaker at 
150 rpm and 20±0.5°C.  After 8 hrs of shaking, the pH of the samples was readjusted to 7.2±0.02 
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with the pH automatic titrator using small volumes of acid and base stock solutions.  All samples 
were then shaken in the rotary shaker until equilibrium state was reached.  After 24 hrs of 
shaking, 5 mL was withdrawn and filtered with a 0.45-μm Uniflo® filter unit.  All isotherm data 
were fitted with Freundlich and Langmuir isotherm models to evaluate several parameters.   
Arsenic Analysis 

A Varian AA-975 Atomic Absorption Spectrophotometer and a GTA-95 Graphite Tube 
Atomizer with programmable sample dispenser (Palo Alto, California) were used for arsenate 
analysis of samples.  In this analysis, 20 mg/L nickel solution was used as a matrix modifier.  
The detection limit of AAS-graphite was 0.0474 μg/L.  

1.3 RESULTS AND DISCUSSION 
Conductivity tests 

Figure 1 shows the conductivities of 80 percent lanthanum-impregnated SBA-15 calcined 
at different temperatures.  As the calcinations temperature increased, the conductivities 
decreased because more lanthanum ions were oxidized as a result of the higher temperature.  The 
conductivity of material calcined at 550°C was the same as that of deionized water, indicating 
the complete oxidation of lanthanum precursor.  Therefore, all lanthanum-impregnated SBA-15 
used in all subsequent experiments was synthesized using a final temperature of 550°C. 
X-ray diffraction 

Figure 2 (A) shows x-ray diffraction results of SBA-15 and various amounts of 
lanthanum-impregnated SBA-15 in the range of 0.8° and 2.1°.  Calcined SBA-15 displayed a 
well-resolved pattern at very low 2θ with a sharp peak at 0.92° and two weak peaks at 1.60° and 
1.84°.  This x-ray diffraction pattern was similar to the reported SBA-15 pattern (Zhao et al., 
1998).  The XRD peaks of SBA-15 can be indexed to a hexagonal lattice with a d(100) spacing 
of 95.93 Å, corresponding to a unit cell parameter a0 of 110.78 Å obtained by the following 
equation: 3/2 1000 da ×= .  With increase of lanthanum impregnation percentages onto SBA-
15, the peak intensities at d(100) decreased gradually and the width of peak shapes broadened, 
indicating that a wide range of pore structures can be developed with increase of lanthanum 
impregnation (Nooney et al., 2001).  Figure 2 (B) shows the change of d(100) space with the 
increase of lanthanum-impregnated percentages.  The d(100) space or unit cell parameter (a0) of 
La10SBA-15 was not different from calcined SBA-15.  However, the d(100) spaces were linearly 
decreased to 89.33 Å (La50SBA-15) with increase of lanthanum impregnation.  Accordingly, 
lanthanum oxide was coated into mesopore structures of SBA-15 to have a smaller unit cell 
parameter.  Sauer et al.(2002) also found a similar trend in their synthesis of europium doped 
yttria (YOX)-dispersed SBA-15. However, with increase to 80%, the d(100) space increased 
again to 91.94 Å.  This phenomenon could be caused by an immoderate substitution of 
lanthanum into silica networks at 80 percent of lanthanum impregnation percentage.  The 
increase of d(100) space or unit cell parameter by substitution of other metals into mesoporous 
silica has been observed by other researchers (Dapurkar and Selvam, 2001; Kuang et al., 2001; 
Newalkar et al., 2001b).  A wide-angle of x-ray diffraction analysis was performed for highest 
amount (80 percent) of lanthanum-impregnated SBA-15 in this study.  Figure 2 (C) shows the 
wide-angle of x-ray diffraction patterns for La80SBA-15.  For the x-ray diffraction of La80SBA-
15, even though the weight percentage of lanthanum element impregnated into SBA-15 was 
44.4% in the solid (0.444 g (lanthanum)/g of media), there was no distinct peak; instead, very 
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weak and wide range of peaks were found in the range of 25~32°, indicating that nano-scale of 
lanthanum oxide was homogeneously dispersed into the mesopore structures of SBA-15 and no 
large size of lanthanum oxide particles were formed outside of SBA-15 (Sauer et al., 2002; Yang 
et al., 2003). 
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FIGURE 1 Conductivity tests of 80 percent lanthanum-impregnated SBA-15 treated with 

different calcination temperatures 
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FIGURE 2 (A) Low-angle XRD measurements of SBA-15 (a), La10SBA-15 (b), La20SBA-15 

(c), La50SBA-15 (d), and La80SBA-15 (e), (B) change of d(100) space with 
different lanthanum impregnation percentages, (C) a wide-angle of x-ray 
diffraction analysis performed for La80SBA-15. 

Nitrogen adsorption-desorption isotherm 
Figure 3 (A) shows the nitrogen adsorption-desorption isotherms of calcined SBA-15 and 

various amounts of lanthanum-impregnated SBA-15.  According to IUPAC (International Union 
of Pure and Applied Chemistry) classification, all isotherms show a typical Type IV model and 
have a H1 hysteresis loop, which is representative for mesopores (Sing et al., 1985).  The 
adsorbed volume of all isotherms sharply increased at relative pressure (P/P0) of about 0.64, 
presenting capillary condensation of nitrogen within uniform mesopore structures (Kruk and 
Jaroniec, 1997).  The inflection position of the relative pressure is related to a diameter in the 
mesopore range and the sharpness of these steps indicates the uniformity of the mesopore size 
distribution (Luan et al., 1999; Newalkar et al., 2001a).  Up to 50 percent of lanthanum 
impregnation, the sharpness of inflection steps decreased gradually; however, it was largely 
declined at 80 percent.  Also, inflection positions were slightly shifted toward lower relative 
pressure in the range of 0.4~0.8 with higher impregnation percentages of lanthanum. Therefore, 
it can be surmised that more heterogeneity of pore size distribution occurred for 80 percent 
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lanthanum-impregnated SBA-15 even though the exact change of mesopore diameters could not 
be detected from the nitrogen isotherms.  To investigate the change of primary mesopore size 
distribution (PSD) with lanthanum impregnation, the KJS approach was conducted for the 
nitrogen isotherms.  From the nitrogen isotherms, the PSD plots were derived from the 
adsorption branch of the nitrogen hysteresis because the network penetration effects of 
polyethylene oxide (PEO) chains of the triblock copolymer template within the silica framework 
of SBA-15 cannot fully be excluded on the desorption branch (Sauer et al., 2002).  Table 1 
shows the physical parameters of nitrogen isotherms for all media such as BET surface area, total 
pore volume, micropore area and volume, primary mesopore area, volume, and size, as well as 
d(100) spacing (Å) and unit cell parameter (a0, Å) obtained by XRD analysis. Except primary 
mesopore sizes and unit cell parameters, most parameters obtained from nitrogen isotherms 
decreased with increase in lanthanum impregnation percentages even though the decrease trends 
of each parameter were different.  The reductions of primary mesopore surface area and volume 
indicate the formation of lanthanum oxides within mesopore structures (Morey et al., 2000). As a 
special aspect, micropores of about 160 m2/g were developed in the SBA-15 because there are 
some evidences of microporous corona effect resulted by the partial embedding of the PEO 
chains in the silica walls (Kruk et al., 2000; Sauer et al., 2002). The reduction of micropore and 
primary mesopore volumes of different amounts of lanthanum-impregnated SBA-15 is shown at 
Figure 3 (B).  With 20 percent of lanthanum impregnation, micropore volume decreased 
significantly to 21 percent while primary mesopore volume decreased to 69.5 percent.  
Moreover, the primary mesopore volumes were linearly reduced from 10 percent to 80 percent 
lanthanum impregnation while micropore volume reductions were not much changed with higher 
lanthanum impregnation than 20 percent.  Accordingly, micropore volume can be saturated with 
fewer amounts of lanthanum impregnation than primary mesopore.  Overall results showed that 
most adsorption active surface sites of lanthanum-impregnated SBA-15 could exist at mesopore 
phase, excluding micro- and macro-pore structures.  The pore size distribution of calcined SBA-
15 and various amount of lanthanum-incorporated SBA-15 obtained from adsorption isotherm 
branches were shown in Figure 4.  All media showed a sharp PSD.  As shown in Figure 4, a 
broad maximum peak (73.1 Å) for SBA-15 was changed to be sharp and shifted to have a 
smaller maximum peak of 60.9 Å with 10 percent lanthanum impregnation even though the 
adsorbed volume of maximum peak was not much reduced.  With increase in lanthanum 
impregnation up to 50 percent, the maximum peaks were more sharpened and their adsorbed 
volumes gradually decreased.  When the lanthanum impregnation was increased to 80 percent, 
the maximum peak of PSD was changed again to be broadened and shifted to have a larger pore 
(63.1 Å) than that of 50 percent.  Moreover, its adsorbed volume was abruptly decreased, 
representing more heterogeneous pore structures than other media.   The increase in primary 
mesopore size might be linked with the increase of d(100) shown with XRD analysis, which can 
be caused by the fact that lanthanum precursors are substituted into silicon to expand the unit cell 
at 80 percent of lanthanum impregnation. 
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FIGURE 3 (A) Nitrogen adsorption-desorption isotherms of SBA-15, La10-, La20-, La50-, and 

La80SBA-15, (B) Reductions of primary mesopore and micropore volumes 
according to lanthanum impregnation percentages 
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FIGURE 4 Pore size distributions of La80SBA-15, La50SBA-15, La20SBA-15, La10SBA-15, 

and SBA-15 obtained from adsorption branches  

Fourier Transform Infrared (FTIR) Spectroscopy Analysis 
Figure 5 (A) shows the IR spectra of uncalcined and calcined La20SBA-15.  The strong 

peaks in the IR band of 1250~1700 cm-1 of uncalcined La20SBA-15 disappeared completely for 
calcined La20SBA-15.  The vibration mode of nitrate can be broadly assigned for the IR band of 
1650~750 cm-1, especially a number of peaks in the NO2 stretching region of 1250~1700 cm-1 
suggests the presence of nitrate ions (Klingenberg and Vannice, 1996).  From this result, it is 
concluded that nitrate ions of lanthanum precursor were totally decomposed with a calcination 
procedure employed.  Figure 5 (B) shows the IR patterns of calcined SBA-15, LaSBA-15, and 
lanthanum oxide in the wave number of 400~1600 cm-1.  The three peaks at 465 cm-1, 800 cm-1, 
and 1085 cm-1 corresponded to rocking, bending (or symmetric stretching) and asymmetric 
stretching of the intertetrahedral oxygen atoms in the SiO2 structure, respectively, for the IR 
patterns of calcined SBA-15 (Primeau et al., 1997; Morey et al., 2000).  The peak at 960 cm-1 was 
also assigned to the stretching of nonbridging oxygen atoms (Si-Oδ-) of a Si-OH stretch (Morey 
et al., 2000).  The peaks of 1085 cm-1 and the shoulder part in the IR bands of 1100~1300 cm-1 
corresponded to the concerted (Si-O-Si) stretches, which were as a result of partial ordering of 
the silicate framework at the pore surface (Morey et al., 2000).  With an increase of lanthanum-
impregnated percentages up to 20 percent, there were no peaks in the IR band of 1300~1600 cm-

1, exhibiting the phase of lanthanum oxide (La-O-La), although the absorbance intensities of 960 
cm-1 decreased, implying that Si-OH groups were consumed to transform to Si-O-La bonds. 
From this result, it can be suggested that the monolayer phase of lanthanum oxide might be 
dominated at 20 percent of lanthanum impregnation.  At 50 percent of lanthanum impregnation, 
however, the peak of 960 cm-1 disappeared completely, but the very small peaks in the IR band 
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of 1300~1600 cm-1  appeared, indicating that more lanthanum precursors than needed for a 
complete consumption of Si-OH were involved for the multilayer of La-O-La bonds.  Therefore, 
the multilayer phase of lanthanum oxide might be dominated at 50 percent lanthanum 
impregnation.  It can be concluded from the above facts that the silanol groups on SBA-15 
served as active sites for lanthanum incorporation and were consumed.  With higher lanthanum 
impregnation than 50 percent, the IR peaks of 1300~1600 cm-1 were increased more , showing 
the lanthanum oxide phase clearly, which was also observed by other researchers (Klingenberg 
and Vannice, 1996).  Even at the highest impregnation percentage (80 percent) of lanthanum, 
however, the IR peak of 1085 cm-1 and shoulder part in the IR bands of 1100~1300 cm-1 did not 
decrease.  Accordingly, it can be surmised from this result that there was no structural collapse of 
pore structures occurred by the attacks of lanthanum precursors for Si-O bonds of mesoprous 
frameworks although a partial substitution of lanthanum with silicon occurred at 80 percent as 
proved by XRD and PSD analysis.  For the case of aluminum impregnation (Shin et al., 2003) in 
our study, the declinations of 1085 cm-1 and shoulder part in the IR bands of 1100~1300 cm-1 
were distinctly occurred at 30 percent of aluminum impregnation.  The structural collapse was 
also proved by XRD, PSD, and TEM analysis.  In the kinetic studies of phosphate adsorption by 
use of aluminum impregnated SBA-15, much lower adsorption capacity was achieved at 30 
percent of aluminum impregnation (Shin et al., 2003).  Therefore, structural collapse seems to be 
a significant factor for hindering the arsenate adsorption.  Surprisingly, lanthanum was a good 
candidate of functioning materials for the mesoporous silicate supports in terms of structural 
stability as shown by other studies (Kloetstra et al., 1997; Zhang and Pinnavaia, 1998; Melo and 
Urquieta-Gonzalez, 2001). 

Wavenumbers (cm-1)
400 600 800 1000 1200 1400 1600

A
bs

or
ba

nc
e

0.0

0.5

1.0

1.5

2.0

2.5

(a)

(b)

1340

1380

1460 1630

465

800
960

750

1085

804

A

Wavenumbers (cm-1)
400 600 800 1000 1200 1400 1600

A
bs

or
ba

nc
e

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

(a)

(b)
(c)
(d)
(e)
(f)

465

855

1085

1360

1460

1510

800 960

B

 
FIGURE 5 (A) FTIR spectra of uncalcined La20SBA-15 (a) and calcined La20SBA-15 (b), (B) 

FTIR spectra of lanthanum oxide (a), La80SBA-15 (b), La50SBA-15 (c), La20SBA-
15 (d), La10SBA-15 (e), and SBA-15 (f) 

Kinetic Studies of Arsenate Adsorption  
Figure 6 (A) shows the arsenate adsorption kinetics of activated alumina and various 

amounts of lanthanum-impregnated SBA-15 as well as their fitting curves of pseudo-second 
order kinetic model.  In comparison with activated alumina, more rapid and higher sorption 
capacities were obtained even at 10 percent lanthanum-impregnated SBA-15.  Higher adsorption 
capacities were achieved; longer equilibrium times were taken for all kinetics.  Since the qeq 
values obtained by the pseudo-second order kinetic model were overestimated due to a few data 
of more extended time than 400 minutes and a trend of adsorption capacities was similar to the 
trend of arsenate adsorption capacities at 400 minutes (designated to q(t=400)), the initial sorption 
rate (v0) and q(t=400) values in accordance with the lanthanum impregnation percentages were 
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expressed in Figure 6 (B).  The q(t=400) values linearly increased to 1.66 mmolAs/g (124.4 mgAs/g) 
with an increase of lanthanum impregnation up to 50%, but slightly decreased to 1.54 mmolAs/g 
(115.4 mgAs/g) at 80 percent while the initial sorption rate sharply increased to 0.016 mmol⋅g-

1⋅min-1 at 20 percent and further increased to 0.023 mmol⋅g-1⋅min-1 at 50 percent, but decreased to 
0.020 mmol⋅g-1⋅min-1 at 80 percent.  Figure 6 (C) shows the changes of arsenate adsorption 
densities and surface loadings with an increase of lanthanum impregnation percentages.  The 
arsenate surface loading linearly increased as the lanthanum impregnation percentages increased 
while arsenate adsorption densities increased up to 50 percent of lanthanum impregnation, 
however, abruptly decreased at 80 percent impregnation.  Correspondingly, there was a most 
efficient amount of lanthanum impregnation percentage that had the maximum arsenate 
adsorption capacity by increase of active sorption sites although the surface area of media 
decreased with increase of lanthanum impregnation.  However, the occurrence of substitution 
with silicon in addition to the reduction of surface area might give a significant hindrance of 
arsenate adsorption capacity since a partial portion of lanthanum immobilized at the silica 
framework will not be functioning as active sorption sites for arsenate removal and the 
exchanged silicon can obstruct the active sites of lanthanum.  Therefore, despite of the fact that a 
larger lanthanum was impregnated in SBA-15 than 50 percent, the reason for the decrease in the 
overall adsorption capacity of La80SBA-15 might be due to not only a decrease of surface area 
but also silicon substitution, which were proved by the XRD and N2 gas isotherm analysis.  As a 
result of kinetic studies, the most efficient percentage of lanthanum impregnation was 50 percent 
in terms of arsenate adsorption speed and capacity.  La50SBA-15 also had about 10, 38, and 13 
times higher q(t=400) (mmolAs/g), arsenate adsorption density (mmolAs/mmolMe), and surface 
loading (mmolAs/m2), respectively, than activated alumina.  Although the active sites of activated 
alumina might be larger than that of La50SBA-15 due to a larger surface area, it can be surmised 
by the following explanation that the lanthanum oxide incorporated SBA-15 was much more 
active than activated alumina in terms of physical and chemical properties.  First, a large number 
of active sites for arsenate removal were achieved by the nano-scale dispersion of lanthanum 
precursors onto a highly ordered mesopore structures.  Second, since most lanthanum active sites 
of SBA-15 exists in a relatively uniform hexagonal-open mesopore size distribution excluding 
micro- and macro-pores, the arsenate accessibility of lanthanum-impregnated SBA-15 was much 
better than that of activated alumina that has amorphorous matrices of aluminum oxides 
containing bottleneck shapes of pore structures hindering the accessibility of arsenate molecules 
to the active sites of the media (Kim, 2001). 
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FIGURE 6 (A) Arsenate Adsorption Kinetics with LaSBA-15 and activated alumina (AA-

400G, ALCAN®) (pH 7.2±0.02), (B) Initial sorption rate (v0) and qeq (mmolAs/g), 
(C) Arsenate adsorption density and surface loading.   

Arsenate Adsorption Isotherms with LaSBA-15 
Figure 7 shows the arsenate adsorption isotherms of activated alumina, SBA-15, and 

La50SBA-15 at an initial arsenate concentration of 0.267 or 0.667 mmolAs/L.  At an initial 
arsenate concentration of 0.267 mmol/L, SBA-15 and activated alumina had arsenate adsorption 
capacities of less than 0.06 and 0.12 mmol/g, respectively, while La50SBA-15 (about 1.2 
mmol/g) showed about 20 and 10 times higher adsorption capacities than SBA-15 and activated 
alumina, respectively.  Therefore, the lanthanum oxide species incorporated onto the mesopore 
phase of SBA-15 were the most dominated active sorption sites for arsenate removal.  Moreover, 
as similar to the magnification of adsorption capacities for both La50SBA-15 and activated 
alumina in kinetic studies, La50SBA-15 showed much more active sorption capacities than 
activated alumina, although absolute values of isotherms were different with those of kinetics 
due to a different experimental setup.  With an increase in initial arsenate concentration, the 
adsorption capacity of La50SBA-15 increased to about 1.6 mmolAs/g (119.9 mgAs/g) at 0.11 
mmolAs/L.  In spite of the fact that any mechanistic implication cannot be obtained from the 
determination coefficients of both Langmuir and Freundlich models because both models had 
very similar determination coefficients (Table 1) (Sposito, 1984), the qmax values of Langmuir 
model were used to get the values of arsenate adsorption density (mmolAs/mmolLa) and arsenate 
surface loading (mmolAs/m2, BET).  La50SBA-15 showed about 9, 34, and 12 times higher for 
qmax (mmolAs/g), arsenate adsorption density (mmolAs/mmolMe), and surface loading 
(mmolAs/m2), respectively, than activated alumina, demonstrating a consistency with previous 
kinetic results. In Table 3, isotherm results of La50SBA-15 were compared with other studies in 
which lanthanum was impregnated onto an alumina (Wasay et al., 1996b) or silica gel (Wasay et 
al., 1996a).  Although the results of other studies showed no interference of other anions such as 
Cl−, Br−, I−, NO3

−, and SO4
2− for arsenate removal, the adsorption capacity (1.651 mmolAs/g) of 

La50SBA-15 obtained at lower arsenate concentration (0.667 mmolAs/L) in this study was about 
10 or 14 times higher than the referenced values of La(III) impregnated alumina (0.172 
mmolAs/g) or La(III) impregnated silica gel (0.118 mmolAs/g) at 1 mmolAs/L or 0.5~2 mmolAs/L 
of initial arsenate concentations, respectively.  Accordingly, the nano-scale impregnation of 
lanthanum onto SBA-15 has a lot of advantages in terms of not only adsorption velocity and 
capacity but also cost benefits for small scale of POU/POE application of arsenate removal since 
a small amount of lanthanum precursor is needed for impregnation and the regeneration of the 
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lanthanum-impregnated mesoporous media will be applicable due to excellent structural stability 
of lanthanum-impregnated SBA-15. 

 

CEQ (mmol/L)
0.00 0.05 0.10 0.15 0.20 0.25

Q
EQ

(m
m

ol
/g

)

0.0

0.5

1.0

1.5

2.0

2.5

Activated Alumina (0.267 mmolAs/L)

La50SBA-15 (0.267 mmolAs/L)

Langmuir isotherm

SBA-15
(0.267 mmolAs/L)

La50SBA-15 (0.667 mmolAs/L)

 
FIGURE 7 Arsenate Adsorption Isotherm of La50SBA-15 and activated alumina (AA-400G, 

ALCAN®) at 0.267 mmolAs/L or 0.667 mmolAs/L of arsenate initial 
concentrations.  

TABLE 1 Determination Coefficients (R2), Several Parameters for the Fit of Arsenate 
Adsorption Isotherm Data to Both Freundlich and Langmuir Isotherms, and Comparison with 
Other Studies  

Adsorption isotherms and parameters 
This study References 

Activated alumina La50SBA-15 La(III)- aluminac La(III)- silica geld 

As(V) conc. (mmol/L) 0.267 0.267 0.667 1 0.5~2 

Langmuir  
 

b (L/mmol) 5.98 77.52 167.37 19.7 - 

qmax (mmol/g) 0.172 1.516 1.651 0.172 0.118 

qmax
a 0.019 0.63 0.68 − − 

qmax
b 4.9~4.5 54.9 59.8 56.8 4.03 

BET (m2/g) 350~380g 276 276 45.1 293 

R2 0.976 0.993 0.922 - - 

a arsenate adsorption density (mmolAs/mmolMe), b surface loading (mmol/m2) (×10-4), c lanthanum(III) impregnated alumina (Wasay et al., 1996b), 
d Lanthanum (III) impregnated silica gel (Wasay et al., 1996a), g obtained from the reference (ALCAN, 1997).    

CONCLUSIONS AND RECOMMENDATIONS 
Although the lanthanum oxide was highly dispersed into the mesopore structures of SBA-

15 without producing lanthanum oxide particles at 80%, a partial substitution of lanthanum into 
silica networks was observed by XRD and N2 gas isotherm.  According to a result of FTIR, 
however, there was no structural collapse of silica frameworks at 80 percent since a partial of 
lanthanum precursors substituted with silicon might play an important role of structural 
stabilization as has been proved at other studies.  In the arsenate adsorption kinetics, due to the 
partial substitution of lanthanum at 80 percent, the arsenate adsorption densities abruptly 
decreased at 80 percent., leading to the overall reduction of arsenate adsorption capacity.  The 
most efficient impregnated percentage, 50 percent, was used for arsenate isotherms tests.  
Therefore, lanthanum impregnated SBA-15 can be used to remove arsenic in groundwater 
effectively.  
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