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ABSTRACT

Arsenic contamination in groundwater is of major concern to many water treatment facilities in the world.
Various treatment technologies have been applied to remove arsenic from drinking water. Among them,
adsorption processes are often considered to be most effective forms of treatment for As(V), but they can
be limited in their ability to remove As(III). To enhance removal efficiency of adsorption process for
As(IIT) as well as As(V), this study has focused on developing highly ordered mesoporous silica solid
(SBA-15) that can incorporate reactive titania sorption sites (Tix-SBA-15), and on synthesizing
nanoporous titania (NT). XRD results showed that both Tips-SBA-15 and NT synthesized had surface
property of anatase (TiO,). From nitrogen adsorption/desorption tests, mesoporosity of these solids were
observed by showing hysteresis loops which is representative of Type IV isotherm. However, TEM images
showed that SBA-15 and Tips-SBA-15 have highly ordered hexagonal mesoporosity and titania
nanostructured mesopores. However, NT has disordered wormhole-like mesopores that are caused by
interparticle porosity. Based on gm.x (umol As/g) in the Langmuir isotherm, Ti,s-SBA-15 had more
sorption capacity for As(III) than did Ti(;s35-SBA-15. It was also observed by FT-IR analysis that the peak
intensity of the silanol (Si-OH) peak at 960 cm™ was stronger for Tis-SBA-15. This indicates that Ti,s)-
SBA-15 has not exceeded its capacity to incorporate Ti. The rates of arsenic uptake were very fast and
followed a bi-phasic sorption pattern where sorption was fast for the first 10 minutes, and then slowed until
being almost completed within 200 minutes of contact. The Langmuir isotherm more accurately fitted
experimental sorption data than did the Freundlich model. The order of maximum As(III) sorption capacity
was NT (162 pmol/g) > Tips-SBA-15 (87 pmol/g) > Tips-SBA-15 (76 umol/g) > Tis-SBA-15 (60
pmol/g). The order of sorption capacity for As(V) was NT (pH 9.5, 285 umol/g) > NT (pH 7, 162 pmol/g)
> Ti(25)—SBA—15 (pH 4, 121 umol/g) > Ti(25)-SBA-15 (pH 7, 87 pmol/g) > NT (pH 4, 66 umol/g) > Ti(25)-
SBA-15 (pH 9.5, 60 umol/g). Distinct sorption maxima for As(IIl) removal were observed between pH 8
and pH 11 for NT and between pH 4 and pH 7 for Ti(,5,-SBA-15. The amount of As(V) adsorbed generally
decreased as pH increased.

1. Introduction

Arsenic contamination in groundwater is serious threat to human health because of its toxicity
and carcinogenicity. Arsenic contamination is found in many countries and has been caused by
use of arsenical pesticides, activities related to mining, fallout from the atmosphere, and natural
geologic weathering process [1]. In the US, arsenic has been ranked as the contaminant that poses
the greatest risk to human health based on frequency of occurrence at NPL sites, toxicity, and
potential for human exposure [2]. The toxicity and carcinogenicity of arsenic have compelled
regulatory agencies in many countries to consider standard levels for arsenic in drinking water
that are less than 10 ppb. Therefore, enhanced arsenic removal technologies are needed to meet
these stringent standards for drinking water and to meet related standards for wastewater effluents.

Arsenite (As(IIl)) and arsenate (As(V)) are the oxidation states of arsenic that are generally found
in subsurface environments. The distribution between different species of each valence state
depends primarily on pH. Arsenous acid (H;AsOs) has pK, values at 9.22, 12.13 and 13.40 while
arsenic acid ( H;AsOy) has pK, values of 2.20, 6.97, and 11.53. In reduced environments at pH in
the typical environmental pH range, nonionic arsenous acid (H3AsOj3) is the primary species of
arsenic [3]. In oxidized environments, on the other hand, two ionic arsenate species (H,AsO,4 or
HAsO,”) exist, depending on the pH. Specifically, arsenite is more mobile, more toxic, and more
difficult to remove due to its electro-neutrality.

The commonly applied processes for arsenic removal are chemical precipitation, co-precipitation,
reverse osmosis, ion exchange, and oxidative filtration [3]. Adsorption is considered to be the
most promising process, because of its safety, ease of handling and set-up, high removal
efficiency with low cost, and potential for regeneration of materials [4]. Despite their wide
availability, adsorption process may not be able to decrease As(IIl) concentrations to acceptable
levels because of their physical limitations, although they are lowering As(V) concentration to



acceptable levels. Traditional adsorbents have a relatively low density of surface sites with an
affinity for As(IlI), which leads to low removal efficiency. Also, their irregular physical structure
makes it difficult for arsenic to easily access internal sorption sites. To overcome these
disadvantages, this study proposed novel nanostructured adsorbent media for removal of both
As(IIT) and As(V).

Nanostructured mesoporous materials studied in this research project are widely used in many
industries because they have improved physical, chemical, and biological properties. These solid
materials include an ordered structural frame work, high surface area, high density of surface
functional groups, large pore volume, and the ability to incorporate catalytic components [5-7].
Nevertheless, applications of mesoporous materials to environmental technology have not been
studied extensively. Therefore, the purpose of this study is to develop highly ordered
nanostructured mesoporous adsorbents (NMAs) for removing both As(Ill) and As(V) from water
to low concentrations. Two types of NMAs were produced and characterized. The characteristics
of these NMAs for sorption of As(IIl) and As(V) were evaluated by kinetic and equilibrium tests.

2. Methodology

2.1 Synthesis of nanostructured mesoporous adsorbents (NMAS)

2.1.1 Mesoporous silica molecular sieves (SBA-15)

SBA-15 was synthesized by modifying the procedure described by Zhao et al [8]. A portion (4 g)
of Pluronic P123 triblock copolymer (poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide), EO,PO7EOy, Aldrich) was dissolved in 2 M HCI solution and mixed for 30 minutes at
room temperature. Then, 9 mL of tetracthyl orthosilicate (TEOS) were added and the mixture
stirred using a rotary mixer for 20 hours at 45 °C. The resulting gel was allowed to age for 48
hours at 80 °C. The solid product was then filtered from the mixture with a 0.45 pm filter, washed
with distilled water, and dried at room temperature. Finally, the solid was calcined at 550 °C for 6
hours to remove the polymer. Figure 1 shows synthesis procedure of SBA-15.

Pluronic P123 Triblock Coploymer Micelle Micelle Rod
(EQ20PO70EQ20)

/

Calcination

Silicate, Hexagonal Array
SBA-15

29
9

Figure 1. Schematic diagram for SBA-15 synthesis procedure




2.1.2 Nanoporous titania incorporated with SBA-15 (Ti)-SBA-15)

Titanium was grafted on SBA-15 by following the general incipient impregnation method [9].
First, 1 g of SBA-15 was pretreated at 120 °C for 3 hours to remove adsorbed water. The
pretreated SBA-15 was dispersed in 100 mL of anhydrous solvent (i.e., ethanol or isopropyl
alcohol, Aldrich 99.8 %) and then the appropriate amount of titanium isopropoxide (Ti(OPr)a,
Aldrich, 97 %) was slowly added to achieve the desired loading of titanium. The mixture was
stirred for 24 hours, followed by filtration and washing with ethanol. Then, the resulting solids
were dried at 90 °C for 3 hours and finally calcined in furnace at 550 °C for 6 hours. The NMA
produced was identified as “Tix)-SBA-15”, where the subscript x stands for the weight ratio of Ti
to SBA-15.

2.1.3. Nanoporous titania (NT)

Nanoporous titania (NT) adsorbent was prepared with the procedure described by Huang et al
[10]. A portion (6.65 mL) of titanium (IV) butoxide was added to ethanol as an anhydrous solvent
with a weight ratio of 1/7 and then the system was vigorously stirred. After 30 min, 0.96 mL of
0.28 M phosphoric acid was added and stirred for 3 hours. Then, 72.4 mL of distilled water was
added, the mixture was continuously stirred for 2 hours, and vaporized at 80 °C by an evaporator.
The resulting solids were washed with ethanol, dried at 80 °C for 6 hours, and calcined at 550 °C
for 6 hours. Figure 2 shows the synthetic final products for SBA-15, Ti-SBA-15, and NT.

Nanoporous
Titania

Titania incorporated SBA-15

Figure 2. Schematic diagram of SBA-15, Ti-SBA-15, and NT

2.2 Kinetics experiment

Kinetic experiments for As(IIl) and As(V) uptake were performed by using a solids concentration
of 1 g/L at pH 4, 7, and 9.5 in a solution of NaCl as background electrolyte to give an ionic
strength of 0.01 M. The suspension was mixed for 2 hours and then that amount of arsenic stock
solution was added to achieve an initial arsenic concentration of 13.3 pM. The desired initial pH
was adjusted by adding 0.5 M HCI or 0.5 M NaOH. The reaction vessel was mixed by a
reciprocal shaker with 200 rpm to promote arsenic uptake. At specified sampling times,
approximately 10 mL of solid suspension was filtered by cellulose nitrate membrane filter
(Whatman®) with a pore size of 0.2 pm. Approximately 12 samples were taken over the time
period of 5 min to 1 day. All filtered samples were placed into an anaerobic chamber to avoid
arsenic oxidation or pH change until atomic absorption spectroscopy (AAS) analysis.



2.3 Equilibrium experiment

Equilibrium experiments were conducted to evaluate sorption capacity of each adsorbent for
As(IIT) and As(V). To start each equilibrium test, 10 mL of 2 g/L of adsorbent suspension was
added to 20 mL of reaction vessels and then 10 mL of a mixture of de-ionized water and arsenic
stock solution (200 ppm) was added to reach a solid concentration of 1 g/L and specified initial
arsenic concentration. The desired pH was adjusted using 0.5 HCI or 0.5 M NaOH. The reaction
vessels were mixed by a reciprocal shaker at 200 rpm. After 24 hours of reaction, all samples
were filtered using cellulose nitrate membrane filter (Whatman®) with pore size of 0.2 um. All
filtered samples were placed into an anaerobic chamber to avoid arsenic oxidation or pH change
until atomic absorption spectroscopy (AAS) analysis. In order to describe arsenic removal onto
solids, two equilibrium isotherms were applied to the experimental data. One is the Langmuir
model, which can be represented by

— qmaxbce
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Where ¢, is the equilibrium concentration of target compound on the solid (umol/g), quax 1S
maximum concentration of target compound on the solid (i.e., maximum sorption capacity,
umol/g), b is the Langmuir isotherm parameter (L/umol). The other model is the Freundlich
isotherm.
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Where k¢ is the Freundlich constant that is related to the capacity of adsorbent to adsorb adsorbate
(umol"™"™L""/g) and n is also the Freundlich constant that expresses the affinity of adsorbate to
the surface. As an extended equilibrium experiment, arsenic adsorption envelopes were
conducted as a function of pH. Specific amounts of solid suspension and arsenic stock solution
were added to 20 mL of reaction vessels to reach specified initial arsenic concentrations and a
solids concentration of 1 g/L.. The initial solution pH was adjusted to values between pH 4 and
pH 12 with a pH increment of 0.5 unit by adding 0.5 HCI or 0.5 M NaOH. The samples were
filtered and stored using the procedure described for kinetic experiments.

2.4 Arsenic analysis

Arsenic was analyzed with a model Solar M6 atomic absorption spectrometer equipped with a
model V90 continuous hydride generator (Thermo Elemental). The procedure for measuring total
arsenic (As(IIl) + As(V)) was based on Standard Method 3114C, which is a continuous hydride
generation/atomic absorption spectrometer (HGAAS) method [11]. Total arsenic is determined by
mixing a sample flow of 7 mL/min with an equal flow of strong acid (6 M HCl) and a 3.5
mL/min flow of sodium borohydride. With these flows and pH conditions, both As(Ill) and
As(V) can be reduced by borohydride to arsine gas [12]. The arsine is transferred by argon gas
with a 250 mL/min flow to the flame AA, where its absorbance is determined and used to
calculate the arsenic concentration using a standard calibration curve.

2.5 XRD analysis

X-ray diffractograms were collected using a Riga automated X-ray diffractometer using CuKa
radiation (40 kV, 20 mA) with a 0.05° step size and 3s step time over the range 6° < 20 < 60°.



2.6 Nitrogen adsorption isotherm

Nitrogen adsorption experiments were performed on a Micrometrics ASAP 2010 micropore
system using approximately 0.1 g of sample. The samples were degassed under vacuum at room
temperature for 2 hours, then at 100°C for 4 hours, and then at 300°C for overnight prior to
analysis. The surface area was calculated by the BET method. The micropore and mesopore
volumes were determined using the alpha s-method [13-14]. The mesopore size distributions
were calculated from the adsorption branch of the isotherm using the BJH method with a
modified equation for the statistical film thickness [15-16].

2.7 TEM analysis

Transmission electron microscopy (TEM) was performed using a JEOL 2010 microscope with a
lanthanum hexaboride filament and an excitation voltage of 200 kV. The solid samples were
washed with ethanol (99.99 %, Aldrich) and dried as soon as possible, and then transferred to a
400-mesh copper grid, followed by dispersion of the solids by sonication.

2.8 FTIR analysis

Fourier transform infrared (FTIR) spectra were measured using the KBr wafer technique.
Samples of 1 g were dried and KBr was mixed with 0.02 g portions of the dried sample.
Appropriate amounts of the prepared samples were moved to sample chamber and their FTIR
peaks were recorded in transmission mode using a Perkin Elmer 2000 FTIR spectrophotometer. A
total 64 scans were collected with a triglycine sulfate (TGS) detector at a resolution of 1 cm™.

3. Results and discussion

3.1 XRD patterns of NMAs

Figure 3 shows the wide-angle XRD pattern of NT. Comparison of the measured d-spacings to
the values in JCPDS card (i.e., 3.516, 1.892, 2.378, 1.700, 1.666, and 1.480 nm) shows that they
are the same as those for anatase, which is a crystalline form of TiO,. Figure 4 shows that the
XRD patterns of SBA-15 and titanium-incorporated SBA-15 are very similar to those reported by
other studies, indicating that the broad XRD reflection peak at 23° is caused by the very small
size of the solid [17-18]. Also, Figure 4 shows that the highest peak for Tis-SBA-15 is closest to
20 equal to 25°, which is similar to that observed for anatase, even though peaks for Ti(s35-SBA-
15 are also near 26 equal to 25° . In contrast, rutile has its highest peak at about 26 equal to 54° or
56°. Therefore, it can be expected that Tis5-SBA-15 has properties that are similar to those of
anatase.
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Figure 3. High angle XRD patterns for NT
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Figure 4. High-angle XRD patterns for SBA-15, Ti(;5-SBA-15, Tixs5-SBA-15, and Ti;3s5-SBA-15 samples.

3.2 Porosity characterization of NMAs

Figure 5 shows nitrogen adsorption-desorption isotherms for NT and Tis-SBA-15. They follow
the typical irreversible type IV model as designated by I[UPAC (International Union of Pure and
Applied Chemistry) classification [14]. These NMAs have a H1 hysteresis loop, which is
representative of mesopores. The sharpness of the inflection step for Ti,s-SBA-15 was greater
than that of NT, so it appears that Ti5-SBA-15 has more uniformity in its mesopores than NT.
Figure 6 shows the distribution of pore volume in these NMAs. It provides further evidence of
the differences in porosities. It shows a sharp peak at 7.3 nm for Ti(,5)-SBA-15, whereas NT had
broad peak at 9.4 nm. The specific surface areas (Aggr) and specific pore volumes (Vgyy) for NT
were 114 m*/g and 0.28 cm?/g, respectively, and for Tips)-SBA-15 were 588 m*/g and 0.78 cm’/g,
respectively.
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Figure 5. N, adsorption-desorption isotherms for NT and Tis-SBA-15
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Figure 6. Pore size distribution for NT and Ti(,s-SBA-15

3.3 Transmission element microscopy (TEM)

Figure 8 shows that SBA-15 and Tips-SBA-15 have highly ordered hexagonal pores with
diameters of approximately 10 nm,. However, NT has a disordered wormhole-like pore structure
with pore sizes in the range of 10 nm to 20 nm. This agrees with Huang et al. who reported that
NT was formed by the agglomeration of TiO, nanoparticles and had its mesoporosity caused by
interparticle porosity rather than intraparticle porosity [10]..

Figure 8. TEM images of a) SBA-15, b) Ti(s-SBA-15, and ¢) NT.

3.4 FT-IR spectroscopy analysis

Figure 8 shows FT-IR spectra for several NMA. The spectra show three peaks at 445, 795, and
1070 cm™, indicating rocking, bending (or symmetric stretching), and asymmetric stretching of
the tetrahedral oxygen atoms in the SiO, structure [19]. In addition, the peak at 960 cm™ is
assigned to the silanol group (Si-OH) in the framework of SBA-15 by the stretching of
nonbridging oxygen atoms [19]. As the extent of titanium incorporation increases, the peak at 960
cm” gradually decreases because of the interaction between titanium and the silanol groups. This
peak can be also assigned to Ti-O-Si stretching vibration [20]. From this result, we can postulate
that SBA-15 can incorporate more titanium into their frameworks, because the presence of peaks
at 960 cm™ indicates that the silanol groups have not been completely consumed. Furthermore,
the decrease in intensity of the peak at 1070 cm™ in Ti;5-SBA-15 indicates that O-Si-O bonding
in the mesoporous SBA-15 framework was decreased by attack of titanium. Thus, excessive
impregnation of titanium can destroy the pore structure of SBA-15. The peaks at around 3600 and
1615 cm™ can be attributed to the stretching vibration of hydroxyl and water, caused by humidity



of KBr used as a blank sample or humidity incorporation into sample in the process of sample
preparation [20].
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Figure 8. FT-IR spectra of SBA-15, Ti(s535-SBA-15, and NT

3.5 Kinetics for arsenic uptake

Arsenic sorption kinetics by Tis-SBA-15 and NT were investigated in a batch system at three
different initial pH (4, 7, 9.5). Figure 9 shows the experimental results for As(III) uptake by Tis)-
SBA-15 and NT where the solid concentration was 1 g/L and the initial As(IIl) concentration was
13.3 uM. Figure 9 (a) and (b) shows that adsorption of As(IIl) onto both adsorbents initially was
very rapid with most being removed within the first 10 minutes of contact, and later was slower.
This biphasic kinetics could be caused by transformation of arsenic species adsorbed or by other
environmental factors. Specifically, the slower sorption reaction could be attributed to surface
precipitation or polymerization, diffusion into interparticle or intraparticle pores, or changes in
the type of surface complex (i.e., monodentate adsorption followed by bidentate complex) as
reported by other studies [21-22]. In this study, it could be postulated that slower adsorption of
arsenic might be controlled by intraparticle diffusion because NMAs have a lot of pores and
channels. The extent of As(IIl) uptake by NT increased with increasing pH over the range
investigated, whereas the highest level of As(IIl) removal by Ti(»5-SBA-15 was observed at pH 7.
The amount adsorbed at pH 7 was and initially much greater than adsorbed at pH 4. However,
after a longer time of reaction, the amount removed at pH 4 became nearly as high as that at pH 7.
At pH 9.5, the removal efficiency of NT for As(IlI) was more than three times greater than that of
Tips-SBA-15.
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Figure 9. As(III) uptake rate by (a) Tips-SBA-15 (left) and (b) NT (right) as a function of pH

The kinetic experiments for As(V) removal were conducted in a similar manner. Figure 10 (a)
and (b) show that the amount of As(V) removed depends strongly on solution pH. At lower pH,
higher As(V) adsorption was observed, which can be caused by electrostatic attraction between
As(V) species and positive surface functional groups. While at high pH, lower removal of As(V)
was observed and this could be caused by electrostatic repulsion. In spite of the similar trends of
As(V) removal by each adsorbent over the pH range investigated, the extent of As(V) uptake at a
specified pH was very different. For instance, As(V) at pH 4 was completely removed by Tis)-
SBA-15, whereas only 91 % of As(V) was adsorbed by NT. However, at other pH, the extent of
As(V) uptake by NT was much higher than that by Tis-SBA-15.
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Figure 10. As(V) uptake rate by (a) Tips-SBA-15 (left) and (b) NT (right) as a function of pH

3.6 Nonlinear Equilibrium for arsenic uptake

Figure 11 shows As(IIl) adsorption isotherms for Ti(;s2535-SBA-15 and NT with Figure 11(a)
showing the Langmuir isotherm and Figure 11 (b) showing the Freundlich isotherms. These
isotherms were obtained by non-linear regression using data for adsorption of As(IIl). Table 1
shows the fitting parameters for these isotherm models and the sum of squared residuals (SSR).
These results show that the maximum sorption capacity for As(IIl) decrease as follows; NT (162
pmol/g) > Tips)-SBA-15 (87 umol/g) > Tiss-SBA-15 (76 pmol/g) > Ti(5-SBA-15 (60 pmol/g).
The SSR values in Table 1 show that the Langmuir isotherm model provided a better fit than the
Freundlich isotherm model for both adsorbents. These results indicate that the optimal weight
ratio of Ti to SBA-15 for As(IIl) adsorption is 25 %. As(III) sorption capacity decreased when the
incorporation ratio increased from 25% to 35%, possibly due to incorporation of Ti into the silica
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framework. Ti that is in the silica framework would not function as reactive sorption sites for
As(III) removal. Similar results have been observed in other studies that investigated La)-SBA-
15, Alx-SBA-15, and Fey)-SBA-15 [23]. In addition, NT had a higher sorption capacity than
Ti25-SBA-15, by a factor of 1.7.
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Figure 11. As(III) adsorption isotherm by Ti(s»535-SBA-15 and NT with solid concentration = 1g/L. The
nonlinear fitting curves are obtained from (a) the Langmuir and (b) Freundlich isotherm model.

Table 1. Comparison of isotherm parameters £95% confidence levels for As(111) adsorption

Tigs-SBA-15 Tips-SBA-15 Tiz5)-SBA-15 NT
Langmuir
b (L/pumol) 0.014+0.004 0.014+0.003 0.013+0.003 0.008+0.002
Qumax (Mmol/g) 60+6 87+5 76+5 162+14
SSR 60 41 42 250
Freundlich
Ky (umol™"™L"/g) 8.3+6.4 1146.3 8.6+5.5 12.7+6.8
n 3.6+1.7 3.4+1.1 3.3x1.1 2.8+0.6
SSR 650 710 600 1200

Experiments were conducted at three pH values (pH 4, 7, 9.5) in order to investigate the effect of
pH on maximum sorption capacity of each adsorbent for As(Ill) and As(V). Figures 12, 13, 14,
and 15 show adsorption isotherms fitted by the Langmuir and Freundlich model. Adsorption
isotherm parameters are summarized in Table 2 and 3. In the case of As(Ill) removal, we can
determine the order of maximum sorption capacity to be: NT (pH 9.5, 285 pmol/g) > NT (pH 7,
162 umol/g) > Ti»5-SBA-15 (pH 4, 121 umol/g) > Tips-SBA-15 (pH 7, 87 pmol/g) > NT (pH
4, 66 pmol/g) > Tips-SBA-15 (pH 9.5, 60 umol/g). In addition, at all pH except for pH 9.5, the
Langmuir model for As(IIl) sorption provided a better fit than the Freundlich model as measured
by SSR.

11



300

(@) ® pH4
® pH7
250 v v pHO5
S 200 - v c)
7 7
< 150 <
g g
L ]
2 =
® 1004 v ° o
c 4 <
Y L[]
50 7/ o ®
Lo
0¥ : : : T T T
0 100 200 300 400 500 600

C, (umol As(lIN/L)

700

® pH4
@ pH7

g, pmol As(ll)/g

g, (umol As(ll)/g)

(@)

T
200

Langmuir and (b) Freundlich model by non-linear regressions using MATLAB®

T
300

T T
400 500

C, (umol As(lll)/g)

T
600 700

(b)

200 -

150 -

100 - v

50 V

® pH4
@® pH7
v pHY95

T T T
100 200 300

T
400

C, (umol As(ll)/L)

Figure 12. As(III) adsorption isotherms by NT as function of pH that are fitted to (a) the Langmuir and (b)
Freundlich model by non-linear regressions using MATLAB®
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Table 2. Comparison of As(III) adsorption isotherm parameters as a function of pH

Langmuir Freundlich
}Jh4}&S p}{ 1-1/ny l/n

b (L/pmol) Jmax (umol/g)  SSR || ke(umol ™™ L™"/g) n SSR
4 0.01+0.004 66+11 69 4.71+2.86 2.5+0.7 167
NT 7 0.008+0.002 162+14 250 12.7+6.8 2.840.6 | 1200
9.5 0.015+0.008 285+52 1705 22.4+7.8 2.48+0.4 | 1052

4 0.009+0.0027 12114 117 6.79+5.34 2.3+0.7 783

Tigs-SBA-15 7 0.014+0.003 8745 41 11£6.3 3.4+1.1 710

9.5 | 0.0083+0.0031 60+9 48 3.59+1.37 2.4+0.4 38

700

700

The order of maximum sorption capacity for As(V) is: Tips-SBA-15 (pH 4, 193 umol/g) > NT
(pH 4, 173 pmol/g) > NT (pH 4, 116 pmol/g) > Tips-SBA-15 (pH 7, 72 pmol/g) > NT (pH 9.5,
56 pumol/g) > Tips-SBA-15 (pH 9.5, 30 pmol/g). Except for pH 9.5, the Langmuir model for
As(V) provides the best fit to experimental isotherm data as measured by the SSR.
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Figure 14. As(V) adsorption isotherms by NT as function of pH that are fitted to (a) the Langmuir and (b)
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Figure 15. As(V) adsorption isotherms by Tins-SBA-15 as function of pH that are fitted to (a) the
Langmuir and (b) the Freundlich model by non-linear regressions using MATLAB

Table 3. Comparison of As(V) adsorption isotherm parameters as a function of pH

Langmuir Freundlich
NMAs pH (L/ul:'nol) (psfgf/g) SSR (umol"l](/;L”"/g) n SSR
4 | 0012800038 | 17316 | 449 17.846.9 3.03:059 | 1013
NT 7 | 0.008£0.003 16£17 | 331 8.842.4 275033 | 159
9.5 | 0.0078+0.004 56:11 155 5.1£1.1 299:031 | 26
4 | 0.008120.0049 | 19317 | 443 20.549.1 3.08:0.71 | 1649
Tins-SBA-15 | 7 | 0.003120.0017 | 72+7.0 82 6.944.7 298+1.02 | 549
9.5 | 0.0041£0.0013 | 30+4.0 15 1.85+1.27 2624076 | 55

3.7 Arsenic adsorption envelopes

To investigate the effect of pH and total As(II) concentration on the extent of adsorption onto
solids over pH, three different As(II) concentration (i.e., 7.82, 14.4, and 45.6 uM) were chosen.
Figure 16(a) shows As(III) adsorption envelopes for NT in which a maximum is observed around
pH 8-11. The percentage of As(Ill) adsorbed decreases with increasing total As(IlI) concentration.
Figure 16(b) shows that As(IIl) removal by Tins-SBA-15 was somewhat constant over the pH
range between pH 4 and pH 7, but decreased as pH increased about pH 8.5. The decrease as high
pH may be caused by increased electrostatic repulsion between negative arsenite species
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(H,AsOj3") and negative surface functional groups. Figure 17 (a) and (b) show the effect of total
As(V) concentration on the extent of adsorption by NT and Tis-SBA-15. As shown in Figure
17(a), As(V) adsorption was pH dependent and the extent of As(V) adsorption decreased with
increasing total As(V) concentration over all pH values investigated. Figure 17(b) shows that
As(V) sorption to Tips-SBA-15 was more strongly dependent on pH rather than was sorption of
As(IIT). As(V) adsorption to NT showed the highest percent adsorbed at low pH, compared to

As(IIT) which showed decreasing removal at the lowest pH.
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Figure 16. Adsorption envelope of As(IIT) by (a) NT and (b) Ti5-SBA-15 as a function of pH; Solid
concentration = 1 g/L, ionic strength = 0.01 M as NaCl, equilibration time = 24 hrs, total As(III)
concentration added = 7.82, 14.4, and 45.6 uM, respectively.
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Figure. 17. Adsorption envelope of As(V) by (a) NT and (b) Tips-SBA-15 as a function of pH; solid
concentration = 1 g/L, ionic strength = 0.01 M as NaCl, equilibration time = 24 hrs, total As(V)
concentration added = 9.85, 19.7, and 39.4 uM, respectively.

4. Conclusions

Both As(Ill) and As(V) showed rapid removal during the first 10 minutes and then slower
sorption until 200 minutes. After 24 hours of reaction, the extent of arsenic removal by Ti(s)-
SBA-15 and NT and how they were affected by pH were observed to be different. In the case of
Ti5-SBA-15, the amount of As(III) uptake became greater as pH shifted to pH 4 or pH 7, while
in the case of NT, increasing pH enhanced As(II1) sorption capacity over the entire range. NT had
a higher equilibrium As(IIl) sorption capacity than Tis-SBA-15 over all pH ranges investigated.
For As(V) uptake, high sorption capacity was observed at low pH, probably due to strong
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electrostatic attraction. The extent of As(V) sorption onto both solids decreased with increasing
pH.

Adsorption data for both As(IIl) and As(V) on Tips-SBA-15 and NT were more accurately
modeled by the Langmuir isotherm than by the Freundlich isotherm. These results support the
hypothesis that the affinity of the adsorbate for the surface sorption sites of NMAs is similar and
that there is a maximum sorption capacity. Thus, the surface sorption sites on Tis-SBA-15 and
NT have similar affinities for As(III) and As(V). However, pH can affect the maximum sorption
capacity (qmax, pmol As/g) of each solid for As(Ill) and As(V). For As(IIl) sorption onto NT,
higher sorption capacity was observed at pH 7 to 9.5, whereas for As(IlI) sorption onto Ti(s)-
SBA-15, higher capacities were seen at low pH. At environmental pH conditions, it could be
expected that NT can achieve higher As(IIl) removal. In the case of As(V) removal, both solids
had higher As(V) removal capacity at low pH and this is probably due to electrostatic attraction.

The extent of arsenic adsorption onto Tips-SBA-15 and NT showed a regular pattern with pH.
This pattern was not affected by total arsenic concentration, but the percentages of As(Ill) and
As(V) adsorbed decreased with increasing total arsenic concentration. Optimal pH ranges for
As(IIT) removal were between pH 8 and pH 11 for NT and between pH 4 and pH 7 for Tis)-
SBA-15. Maximum removal efficiencies for As(V) by Tis-SBA-15 was observed in the pH
range between pH 4 and pH 7 and the maximum for NT was close to pH 4. However, at
environmental pH near pH 7 to pH 8, the extent of removal efficiencies for As(IIl) and As(V) by
NT was greater than those by Tips-SBA-15. Consequently, it can be concluded that at
environmental pH, NT could be a better adsorbent for removal of both As(IIl) and As(V).

The incorporation ratio of titanium that resulted in the highest maximum adsorption capacities
was 25 %, i.e, Tips-SBA-15. Also, analyses by XRD, TEM, and FT-IR provided evidence that
Tips-SBA-15 is a selective adsorbent with nanostructured titania surface properties. XRD
analysis indicated that the peaks of synthetic NT were in accordance with those of anatase. In
addition, nitrogen adsorption/desorption results showed that SBA-15, Ti»s-SBA-15, and NT
follow typical irreversible type IV model as designated by IUPAC, which is indicative of
mesoporous materials. Based on TEM results, however, the mesopores of NT could be related to
interparticle porosity, unlike SBA-15 and Tips-SBA-15 which showed a highly regular
hexagonal intraparticle porosity.

5. Research in the future works
We will continue to conduct experiments and develop theoretical mechanisms for arsenic removal
to achieve the following objectives.

1) Develop sorption kinetics models to describe adsorptive and diffusive sorption removal
mechanisms, and to predict sorption removal rates

2) Develop modified equilibrium models to predict sorption capacity more precisely

3) Dete;rmine optimum solution conditions as affected by competing anions (e.g., PO,> and
SO47)

4) Characterize electrostatic surface properties of solids by potentiometric titration or
electrophoretic mobility

5) Develop surface complexation model (SCM) using computer program software such as
FITEQL and V-MINTEQ

6) Determine regenerability of solids for arsenic removal to predict life-cycle and cost-
effectiveness
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