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Synthesis of tin oxide nanospheres under ambient conditions and 
their strong adsorption of As(III) from water  
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The development of highly efficient As(III) adsorbents is critical to largely simplify the arsenic treatment process and lower 

its cost. For the first time, SnO2 nanospheres were demonstrated to possess a highly efficient As(III) adsorption capability 

from water at near neutral pH environment as predicted by the material criterion for the selection of highly efficient 

arsenic adsorbents we recently developed. These SnO2 nanospheres were synthesized by a simple and cost-effective 

hydrolysis process with the assistance of ethyl acetate under ambient conditions, which had a good dispersity, a narrow 

size distribution, a relatively large specific surface area, and a porous structure. A fast As(III) adsorption was observed in 

the kinetics study on these SnO2 nanospheres, and their Langmuir adsorption capacity was determined at ~ 112.7 mg g-1 at 

pH ~ 7. The As(III) adsorption mechanism on SnO2 nanospheres were examined by both macroscopic and microscopic 

techniques, which demonstrated that it followed the inner-sphere complex model. These SnO2 nanospheres demonstrated 

effective As(III) adsorption even with exceptionally high concentrations of co-existing ions, and a good regeneration 

capability by washing with NaOH solution. 

Introduction 

Arsenic is one of the highly toxic contaminants commonly-found in 
natural water bodies, which is widely spread in many regions of the 
world, including Bangladesh, China, USA, Chile, and so on.

1
 It had 

been classified as a carcinogen by World Health Organization 
(WHO), and long-term exposure to arsenic contaminated water 
could induce a lot of health problems, including cancers of skin, 
liver, lung, and bladder, skin lesions, cardiovascular disease, 
neurotoxicity, and diabetes.

2
 To reduce its health risk to human 

beings, its recommended maximum contaminant level (MCL) in 
drinking water was 10 μg L

-1
.
3
 To remove arsenic contamination 

from water, various technologies have been developed, including 
ion exchange, reverse osmosis, membrane filtration, 
coagulation/filtration and adsorption.

2
 Among these technologies, 

the adsorption is believed to be the simplest and most cost-
effective approach, especially for arsenic removal from water with 
relatively low arsenic concentration as that in the natural water 
environment,

1,4
 and the development of highly efficient arsenic 

adsorbents was the key for its success. In recent year, synthesized 

metal oxides/hydroxides of nano-size had been explored as 
promising arsenic adsorbents due to their large surface areas and 
preferred surface properties.

5,6 
 

In natural water environment, most of arsenic contaminations 
exist as two major inorganic species, namely As(III) (arsenite) and 
As(V) (arsenate).

7
 Due to its nonionic existence as H3AsO3 in natural 

water, As(III) usually does not have high affinity to adsorbent 
surfaces compared with charged As(V),

1,8
 while it is more toxic than 

As(V) in biological systems.
9
 Thus, it usually required both a pre-

treatment of oxidizing As(III) to As(V) and/or adjusting the pH value 
of water to weak acidic for its effective adsorption, and a post-
treatment of adjusting the pH value of water back to the near 
neutral state.

6,10,11
 So it would be desirable to develop novel arsenic 

nanoadsorbents with good As(III) adsorption capability under near 
neutral pH condition, which could largely simplify the treatment 
process and lower the treatment cost by removing the pre- and 
post-treatments. 

In our recent theory study on the material criterion for the 
selection of highly efficient arsenic adsorbents,

12
 a general material 

criterion was developed based on literature and our own work of 
creating arsenic adsorbents with strong arsenic adsorption in 
water.

6,10,13-16
 It predicts that metal oxides/hydroxides may have 

good arsenic adsorption behavior if the metal element has the ionic 
potential (IP) from ~ 4 to ~ 7, which could provide the guidance for 
choosing proper arsenic adsorbent material candidate for study. Tin 
dioxide (SnO2) is an n-type, wide band gap semiconductor with 
interesting chemical, physical and mechanical properties, which is 
well known for applications in gas sensors, dye-based solar cells, 
transparent conducting electrodes, and catalyst supports etc.

17-20
 

The ionic potential of Sn
4+

 is ~ 5.97, which meets the material 
criterion for potential strong arsenic adsorbent. To our best 
knowledge, however, no report was available in literature on the 
arsenic adsorption performance of SnO2. 
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Herein, we reported for the first time that SnO2 could have a 
strong As(III) adsorption performance. A simple and cost-effective 
hydrolysis process was developed to synthesize SnO2 nanospheres 
with the assistance of ethyl acetate under ambient conditions, 
which had a good dispersity, a narrow size distribution, a relatively 
large specific surface area, and a porous structure. Both the kinetics 
study and equilibrium adsorption isotherm study were conducted 
to examine the As(III) adsorption performance of these SnO2 
nanospheres, which demonstrated that they could effectively 
adsorb As(III) from water at near neutral pH environment with a 
relatively high Langmuir adsorption capacity of ~ 112.7 mg g

-1
 at pH 

~ 7. The As(III) adsorption mechanism on SnO2 nanospheres was 
examined by both macroscopic and microscopic techniques, which 
demonstrated that it followed the inner-sphere complex 
mechanism. Even with exceptionally high concentrations of co-
existing ions, these SnO2 nanospheres could still effectively adsorb 
As(III) from water. A good regeneration capability was possessed by 
these SnO2 nanosperes, which could reduce the operation cost 
significantly. 

Results and discussion 

Synthesis and Characterization of SnO2 Nanospheres 

In our synthesis process, the creation of SnO2 nanospheres 
occurred spontaneously under ambient conditions in the EtOH 
and DI water mixture solution containing potassium stannate 
and ethyl acetate. In a basic environment induced by 
potassium stannate, hydrolysis reaction of ethyl acetate 
occurred easily, and formic acid was produced according to 
Eqn. (1). Subsequently, potassium stannate reacted with 
formic acid to form SnO2 nanoparticles according to Eqn. (2). 

OHCHCHCOOHCHOHCHCOOCHCH OH

2332323 


        (1) 

2

3 3 2 3 22 2 +H OSnO CH COOH SnO CH COO             (2) 

To minimize the surface energy, these primary nanoparticles 
could gradually aggregate into large spherical particles to 
finally produce SnO2 nanospheres. SnO2 nanospheres could be 
produced in the ethanol and DI water mixture solution 
containing only potassium stannate as demonstrated by 
Archer et al. previously.

20
 However, the yield was quite low 

without the addition of ethyl acetate (~ 47%) due to the slow 
hydrolysis reaction of potassium stannate along. In our 
synthesis process, formic acid was produced by the addition of 
ethyl acetate, which largely accelerated the hydrolysis reaction 
to produce SnO2. Thus, the SnO2 yield was improved 
substantially in our synthesis process (~ 99%). 

As shown in Fig. 1a, the X-ray diffraction pattern of as-
synthesized SnO2 nanospheres demonstrated that all XRD 
peaks could be indexed with the rutile primitive tetragonal 
structure of SnO2 (JCPDS NO. 41-1445). The broadened peaks 
in their XRD pattern indicated that the products obtained were 
not well crystallized, which was due to their low reaction 
temperature at ~ 25 

o
C. Fig. 1b shows the FESEM image of 

SnO2 nanospheres, which demonstrated clearly their spherical 
feature and good dispersity. The dynamic light scattering 
analysis result (inset in Fig. 1b) showed that these SnO2 
nanospheres had a relatively narrow size distribution. The 
average size of these SnO2 nanospheres were ~ 170 nm, and 
their size varied mostly from ~ 80 nm to ~ 480 nm. Fig. 1c 

shows the lower magnification TEM image of SnO2 
nanospheres, which also demonstrated clearly their spherical 
feature and good dispersity. It could be easily found that these 
SnO2 nanospheres were composed of aggregated SnO2 
nanopatricles with fine size. The higher magnification TEM 
image (inset in Fig. 1c) demonstrated that these SnO2 
nanopatricles had the size of several nanometers, and they 
were highly porous. Fig. 1d shows the N2 
adsorption/desorption isotherms of these SnO2 nanospheres, 
in which the adsorption followed the lower curve and the 
desorption followed the upper curve. Their BET specific 
surface area was calculated to be ~ 169.53 m

2
 g

-1
. The insert in 

Fig. 1d shows the pore size distribution of SnO2 nanospheres 
obtained by the Barrett-Joyner-Halenda (BJH) method from 
the desorption branch data, and the mesopore volume was 
determined at 0.11 cm

3
 g

-1
. Thus, these SnO2 nanospheres 

created by the hydrolysis process under ambient conditions 
had a relatively large surface area and porous structure, which 
was beneficial for their adsorption capability. 

 
 

Fig. 1 (a) X-ray diffraction pattern, (b) FESEM image, (c) HRTEM image, 
and (d) N2 adsorption/desorption isotherms of SnO2 nanospheres, 
respectively (Note: Insert plots in Fig. 1b, 1c, and 1d show the size 
distribution, higher magnification TEM image, and the pore size 
distribution of SnO2 nanospheres, respectively.). 
 

Kinetic Studies on Arsenite Adsorption by SnO2 Nanospheres 

Fig. 2 demonstrates the As(III) concentration decrease in lab-
prepared water samples with the treatment time increase at 
different initial As(III) concentrations. With the SnO2 
nanosphere dosage increase, the As(III) removal rate increased 
and the final As(III) concentration in the treated water samples 
decreased. Fig. 2a shows the decrease of As(III) concentration 
with the increase of the treatment time when the initial As(III) 
concentration was ~ 85.7 μg L

-1
 and the SnO2 nanosphere 

dosage was 0.05 and 0.1 g L
-1

, respectively. After 100 min 
adsorption, As(III) concentration could be reduced to below 
the USEPA standard for arsenic in drinking water of 10 μg  L

-1
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when the SnO2 nanosphere dosage was 0.1 g L
-1

. Fig. 2b shows 
the decrease of As(III) concentration with the increase of the 
treatment time when the initial As(III) concentration was ~ 
1.32 mg L

-1
 and the SnO2 nanosphere dosage was 0.2 and 0.35 

g L
-1

, respectively. Under such a high As(III) concentration, 
SnO2 nanospheres still demonstrated a good As(III) adsorption 
performance. When the SnO2 nanosphere dosage was just 0.2 
g L

-1
, ~ 84% As(III) in the solution could be removed. Thus, a 

single adsorption step for the As(III) removal is practical with 
these SnO2 nanospheres, which could eliminate oxidation and 
pH adjustment as the pre-treatment and another pH 
adjustment as the post-treatment. 

 
 
Fig. 2 Adsorption kinetics of As(III) on SnO2 nanospheres with various 
material dosages and initial As(III) concentration of (a) ~ 85 μg L-1 and 
(b) ~ 1.32 mg L-1. (c) and (d) The pseudo-second-order rate kinetic 
model fitting curves on data in Fig. 2a and 2b, respectively. 
 

Fig. 2c and 2d show that the adsorption kinetic study 
results could be best fitted into a pseudo-second-order rate 
kinetic model for further understanding of the adsorption 
behavior. The integrated form of pseudo-second-order rate 
expression

21,22
 is given in Eqn. (3), and its linear form is given in 

Eqn. (4): 

    
     

  

         
                                    (3) 

 

  
 

 

     
  

 

  
                                   (4) 

where qe is the equilibrium adsorption capacity (mg g
-1

), qt is 
the amount (mg g

-1
) of As(III) adsorbed at time t, and Kad is the 

rate constant of adsorption (g (mg•min)
-1

). Table 1 summarizes 
the kinetics parameters obtained in fitting the experimental 
data. The square of the correlation coefficient R (R

2
) quantified 

the applicability of the pseudo-second-order rate model. The 
closeness of R

2
 to 1 suggested that the kinetic experimental 

data could be well fitted by the pseudo-second-order rate 
kinetic model. Thus, a chemisorption

6,16
 occurred between 

As(III) and SnO2 nanospheres, which involved valency forces 
through sharing or exchange of electrons between SnO2 
nanospheres and As(III). This phenomenon had been found on 

various As(III) adsorbents, whose As(III) adsorption was 
through the replacement of surface –OH by As(III).

23,24
 

Equilibrium Adsorption Isotherm Study of As(III) Adsorption 
by SnO2 Nanospheres 

The equilibrium adsorption isotherm study was conducted to 
investigate the As(III) adsorption capacity of SnO2 nanospheres. 
As demonstrated in Fig. 3, the adsorption data was fitted with 
both Freundlich and Langmuir isotherms as given in Eqn. (5) 
and Eqn. (6), respectively:

25
 

       

 

                         (5) 

   
        

      
                   (6) 

where qe is the amount (mg g
-1

) of As(III) adsorbed at 
equilibrium, Ce is the equilibrium As(III) concentration (mg L

-1
) 

in water samples, KF and n are the Freundlich constants, KL is 
the Langmuir constant, and qmax is the Langmuir monolayer 
adsorption capacity. The fitting parameters were summarized 
in Table 2. It demonstrated clearly that the As(III) adsorption 
data could be better fitted with the Langmuir isotherm 
because its R

2
 was closer to 1 (R

2
=0.991) than that produced 

by the Freundlich isotherm (R
2
=0.966). The Langmuir 

adsorption capacity (qmax) under the near neutral pH 
environment was determined at 112.7 mg g

-1
. Thus, SnO2 

nanospheres demonstrated a good As(III) adsorption 
performance among various As(III) nanoadsorbents.

6,24,26-28
 

 
 
Fig. 3 The equilibrium adsorption isotherms of As(III) on SnO2 
nanospheres. 
 

 
Table 1. Pseudo-second-order kinetics model fitting parameters for 
As(III) adsorption on SnO2 nanospheres. 
 

Initial As(III) concentration  

(mg L-1) 

0.085 1.323 

SnO2 loading (g L-1) 

qe (mg g-1) 

Kad (g mg-1 min-1) 

R2 

0.05 

1.47 

0.08 

0.999 

0.1 

0.8 

0.136 

0.998 

0.2 

5.16 

0.01 

0.995 

0.35 

3.89 

0.023 

0.998 
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Table 2. Fitting parameters of Langmuir and Freundlich isotherms for 
As(III) adsorption on SnO2 nanospheres. 
 

Langmuir isotherm Freundlich isotherm 

qmax 

(mg g-1) 
KL R2 n KL R2 

112.7 0.128 0.991 1.68 10.43 0.966 

 

Electrophoretic Mobility Study of SnO2 Nanospheres before and 
after Arsenite Adsorption 

The macroscopic technique of electrophoretic mobility 
measurement was conducted to investigate the As(III) 
adsorption mechanism on SnO2 nanospheres. The IEP of metal 
oxides is determined by protonation and deprotonation of 
surface hydroxyl groups. Fig. 4a shows the zeta potentials of 
SnO2 nanospheres before and after As(III) adsorption. The 
isoelectric point (IEP) of SnO2 nanospheres was determined at 
pH 3.8. At the near neutral pH environment, SnO2 nanospheres 
were negatively charged, which indicated that the surface 
hydroxyl groups existed. The formation of outer-sphere 
surface complexes could not shift the IEP because no chemical 
reaction happens between the adsorbate and the adsorbent 
surface to change the surface charge, while only the formation 
of inner-sphere arsenic anionic charged surface complexes 
could cause the shift of IEP to a lower value.

28-31
 After As(III) 

adsorption, the IEP of SnO2 nanospheres decreased to ~ pH 3.1, 
which suggested that inner-sphere As(III) anionic charged 
surface complexes formed on SnO2 nanospheres. 

 
 
Fig. 4 (a) The zeta potentials of SnO2 nanospheres before and after 
As(III) adsorption (0.1 g L-1 SnO2 nanosphere dosage and the initial 
As(III) concentration at ~ 100 mg L-1). (b) The As(III) removal efficiency 
with the increase of the solution ionic strength (0.1 g L-1 SnO2 
nanosphere dosage and the initial As(III) concentration at  1 mg L-1). 

 

Ionic Strength Effect on Arsenite Adsorption by SnO2 
Nanospheres 

Another macroscopic technique of evaluating the ionic strength 
effect on the As(III) adsorption behavior was also used to 
investigate the As(III) adsorption mechanism on SnO2 nanospheres. 
The solution ionic strength was adjusted by the addition of NaCl 
with a series of concentrations from 0.001 M, 0.01 M to 0.1 M, 
while the initial As(III) concentration (1 ppm), the solution pH (~ 7) 
and the SnO2 nanosphere dosage (0.1 g L

-1
) were kept the same. It 

had been reported that the adsorption of arsenic species would 
decrease with the increase of the solution ionic strength if arsenic 
species formed outer-sphere surface complexes, while it would not 
change or even increase with the solution ionic strength increase 

when arsenic species formed inner-sphere surface complexes.
32,33

 
Fig. 4b shows that the removal efficiency of As(III) increased with 
the solution ionic strength increase at near neutral pH environment, 
which also suggested that the As(III) adsorptions on SnO2 
nanospheres followed the inner-sphere complex mechanism. 

FTIR Study of SnO2 Nanospheres before and after Arsenite 
Adsorption 

The microscopic technique of FTIR spectroscopy was further used to 
investigate the As(III) adsorption mechanism. Fig. 5 shows the FTIR 
spectrum variation of SnO2 nanospheres before and after arsenite 
adsorption. The FTIR spectrum of SnO2 nanospheres has strong 
hydroxyl stretching (3424 cm

-1
) and bending (1638 cm

-1
) vibrations 

of physically adsorbed H2O,
34

 C=O stretching modes of adsorbed 
CO2 (2352 cm

-1
)

35,36
 and bending vibrations (960 cm

-1
) of hydroxyl 

groups on metal oxides (Sn-OH).
36

 After As(III) adsorption, the 
spectrum of Sn-OH bending vibrations (960 cm

-1
) decreased, which 

indicated that the replacement of –OH occurred during the arsenite 
adsorption. For As(III)/SnO2, a new peak at ~ 805 cm

-1
 appeared 

after As(III) adsorption, which reflected the stretching vibration of 
uncomplexed As(III)-O bond.

29
 The uncomplexed As(III)-O bond of 

dissolved arsenite species was determined at ~ 826 cm
-1

 (see Fig. S1 
in the Supplementary Information). The red shift of As(III)-O bond 
observed here could be attributed to the decrease of the strength 
of the uncomplexed As-O bond because of the formation of Sn-O-
As(III) bond,

29
 suggesting that inner-sphere complexes formed on 

As(III)/SnO2. The FTIR study results indicated that the substitution of 
surface -OH groups on SnO2 nanospheres by As(III) species played 
the key role in their adsorption. 

 

Fig. 5 FT-IR spectra of SnO2 nanospheres before and after As(III) adsorption 
(0.1 g L-1 SnO2 nanosphere dosage and the initial As(III) concentration at ~ 
100 mg L-1). 
 

Surface Chemical Compositions of SnO2 Nanospheres before and 
after Arsenite Adsorption 

To investigate the adsorption mechanism of As(III) on SnO2 
nanospheres, the chemical compositions and their status of SnO2 
nanospheres before and after As(III) adsorption were examined by 
the high-resolution X-ray photoelectron spectroscopy. Fig. 6a shows 
the Sn 3d spectra of SnO2 nanospheres before and after As(III) 
adsorption. Both Sn 3d spectra demonstrated a spin-orbit doublet 
at ∼ 486.2 eV (3d5/2) and ∼ 495.3 eV (3d3/2), which suggested that 
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the chemical state of Sn in both samples was Sn(IV).
37,38

 So the 
chemical state of Sn did not change in the As(III) adsorption process. 
A significant decrease of the intensities of Sn 3d peaks was 
observed after As(III) adsorption, indicating the occurrence of 
strong interactions between As(III) and SnO2.

34
 Fig. 6b shows that As 

3d spectra of SnO2 nanospheres before and after As(III) adsorption. 
Before As(III) adsorption, no As 3d peak could be identified as 
expected. After As(III) adsorption, the binding energy of As 3d was 
at 44.8 eV,

39
 indicating that As(III) species remained its chemical 

statuse during the As(III) adsorption process. 

Fig. 6c and 6d show the O 1s spectra of SnO2 nanospheres 
before and after As(III) adsorption, respectively. The peak position 
of the O 1s spectra shifted from 528.6 eV to 529.1 eV after the As(III) 
adsorption, which suggested that the chemical adsorption 
happened between SnO2 and As(III).

34
 The O 1s peak could be best 

fitted with three overlapped O 1s peaks of oxide oxygen (O
2-

), 
hydroxyl group (-OH), and adsorbed water (H2O).

40
 Table 3 

summaries the fitting parameters of the data fitted by Lorentzian 
peak shape. Before the As(III) adsorption, the –OH percentage was 
~ 53.69% of the total surface oxygen species, while it largely 
dropped to ~ 27.23% after the As(III) adsorption. The large decrease 
of hydroxyl group percentage could be attributed to the ligand 
exchange between surface –OH groups on SnO2 nanospheres and 
As(III) species in water during the adsorption process. Thus, the XPS 
analysis suggested that the adsorption of As(III) onto the surface of 
SnO2 nanospheres was a chemisorption process and the surface 
hydroxyl groups on SnO2 nanospheres was the key contributor in 
this process. 

 

Fig. 6 XPS spectra on SnO2 nanospheres before and after As(III) adsorption 
(0.1 g L-1 SnO2 nanosphere dosage and the initial As(III) concentration at ~ 
100 mg L-1). (a) The surface Sn 3d spectrum, (b) The surface As 3d spectrum, 
(c) The surface O 1s spectrum before As(III) adsorption, and (d) The surface 
O 1s spectrum after As(III) adsorption. 
 

 
 
 
 
 

Table 3. The Lorentzian peak shape fitting parameters for O 1s XPS peak of 
SnO2 nanospheres before and after As(III) adsorption. 
 

Samples Peak 
Position 

(ev) 
Area FWHM 

Percent 

(%) 

SnO2 

H2O 

-OH 

O2- 

530.5 

529.05 

528.164 

18078.59 

93779.75 

62809.25 

1.458 

1.6 

1.428 

10.35 

53.69 

35.96 

As(III)/SnO2 

H2O 

-OH 

O2- 

530.364 

529.6 

528.791 

18167.39 

30289.66 

62791.63 

1.60 

1.20 

1.51 

16.33 

27.23 

56.44 

 

Competing Ion Effect on Arsenite Adsorption by SnO2 
Nanospheres 

SO4
2-

 , HCO3
-
, NO3

-
, H2PO4

-
 and Ca

2+
 were chosen as representatives 

in the competing ion effect examination because they usually co-
exist with arsenic species in natural water and might affect the 
adsorption of arsenic species onto many adsorbents.

41,42
 Fig. 7 

shows the effects of these co-existing ions on As(III) adsorption by 
SnO2 nanospheres at pH ~ 7. Two co-existing ion concentrations of 
1 mM and 6.7 mM were chosen, for which the molar ratio of these 
co-existing ions to As(III) was set at 100:1 and 500:1, respectively. It 
demonstrated that SnO2 nanospheres had a strong resistance to 
these co-existing ions even with such a high concentration. The 
presence of HCO3

-
, NO3

-
and Ca

2+
 just showed a slight deterioration    

effect on As(III) adsorption by SnO2 nanospheres. H2PO4
-
 is known 

for its strong hinderation effect to the adsorption of arsenic 
species.

24,41
 Phosphorus and arsenic belong to the same element 

group (main group V), and phosphate could compete with arsenic 
species for active adsorption sites on adsorbents because its 
adsorption also    followed the inner-sphere complexes mechanism 
and involved ligand exchange between phosphate in water and 
surface –OH groups on adsorbents.

43-45
 Even with the presence of 

H2PO4
-
 at a high concentration of 500 times as that of As(III), the 

As(III) removal percentage by SnO2 nanospheres could still be over 
74.3% as that with no presence of co-existing H2PO4

-
, which was 

much higher than that of various highly efficient arsenic 
nanoadsorbents.

6,16,26
 Thus, these results demonstrated that SnO2 

nanospheres could effectively adsorb As(III) even with co-existing 
ions of exceptionally high concentrations. 

 

Fig. 7 Effects of co-existing ions on the As(III) adsorption on SnO2 
nanospheres at pH ~ 7 (0.1 g L-1 SnO2 nanosphere dosage and the initial 
As(III) concentration at ~ 1 mg L-1). 
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Desorption of Arsenite from SnO2 nanospheres 

Fig. 8 shows the arsenite desorption percentage vs. NaOH solution 
concentrations, which demonstrated that the As(III) adsorbed on 
SnO2 nanosperes could be easily desorbed by washing with NaOH 
solution. With the increase of the alkalinity of NaOH solution, the 
desorbed As(III) percentage increased gradually. When the NaOH 
concentration increased to 0.1 M, the As(III) desorption percentage 
could reach ~ 96.8%. When the NaOH concentration increased to 
0.5 M, it further increased to ~ 99.2 %. Thus, most As(III) adsorbed 
could be desorbed with the NaOH solution concentration at or over 
0.1 M. It was much lower than the concentration of NaOH solution 
used for arsenic species desorption in some studies,

23,27,46
 which 

could reduce the cost and ease the operation. After the desorption, 
recovered SnO2 nanosperes could be reutilized, which could reduce 
the operation cost significantly. 

 

Fig. 8 Desorption of As(III) adsorbed on SnO2 nanospheres by NaOH 
solutions with different concentrations from 0.001 M to 0.5M, respectively. 
 

Conclusions 

In summary, SnO2 nanospheres were successfully created by a 
simple and cost-effective hydrolysis process with the assistance of 
ethyl acetate under ambient conditions. These SnO2 nanospheres 
had a good dispersity, a narrow size distribution, a relatively large 
specific surface area of ~ 169.53 m

2
 g

-1
, and a porous structure. For 

the first time, it was demonstrated that these SnO2 nanospheres 
could effectively adsorb As(III) from water at near neutral pH 
environment, and its Langmuir adsorption capacity at pH ~ 7 was 
determined at 112.7 mg g

-1
. At near neutral pH environment, the 

As(III) adsorption mechanism on SnO2 nanospheres followed the 
inner-sphere complex model, and the surface hydroxyl groups on 
SnO2 nanospheres played the key role in this process. SnO2 
nanospheres were found to be capable to effectively adsorb As(III) 
even with exceptionally high concentrations of co-existing ions. The 
adsorbed As(III) could be easily desorbed with NaOH solution 
washing and recovered SnO2 nanosperes could be reutilized for the 
As(III) removal from water. Thus, SnO2 nanospheres may have the 
potential to be a promising As(III) adsorbent for the As(III) removal 
from water without the pre-treatment of oxidation/pH adjustment 
and the post-treatment of another pH adjustment. 

Experimental 

Chemicals and Materials 

All the chemicals were purchased from Sinopharm Chemical Regent 
Co., Ltd (Shanghai, P. R. China). They were of analytical reagent 
grade and were used without further purification. Potassium 
stannate trihydrate (K2SnO3•3H2O, 99.5%) was used as the Sn 
source in the synthesis process. Ethyl acetate (CH3COOC2H5, 99.5%) 
was used as the precipitation reagent. Deionized (DI) water and 
ethyl alcohol (EtOH, 99.7%) were used as solvents. Sodium arsenite 
(NaAsO2, 95%) was used to prepare As(III) stock solution. Sodium 
chloride (NaCl, 99.5%) was used for the ionic strength effect 
experiment. Sodium sulfate anhydrous (Na2SO4, 99%), sodium 
dihydrogen phosphate dehydrate (NaH2PO4•2H2O, 99%), sodium 
hydrogen carbonate (NaHCO3, 99.5%), sodium nitrate (NaNO3, 99%), 
and calcium chloride anhydrous (CaCl2, 96%) were used for the 
competing ion experiment. Sodium hydroxide (NaOH, 98%) were 
used for the arsenite desorption experiment. 

Synthesis of SnO2 Nanospheres  

 In a typical synthesis process, 40 mL of EtOH and 60 mL 
deionized (DI) water were added into a 250 mL beaker successively 
at 25 

o
C under vigorous stirring. Then, 0.8 mL CH3COOC2H5 was 

added into the mixture solution. After 5 min more stirring, 0.3 g 
K2SnO3 •3H2O powder was added into the solution within 5 min. 
The mixture solution pH gradually decreased to ~ 7 after being 
further stirred for ~ 110 min, suggesting that the hydrolytic reaction 
between CH3COOC2H5 and K2SnO3 was complete. Then, the white 
suspension was aged statically for 24 h at 25 

o
C. Finally, the 

suspension was centrifuged at 9900 rpm for 10 min, the obtained 
precipitates were rinsed with DI water and EtOH for several times 
to remove impurities, and dried at 40 

o
C overnight to obtain SnO2 

nanospheres. 

Material Characterization 

X-ray diffraction (XRD) pattern of the sample was obtained by a 
D/MAX-2004 X-ray powder diffractometer (Rigaku Corporation, 
Tokyo, Japan). Scanning electron microscopy (SEM) images were 
collected on a FEI Nova NanoSEM 450 microscope (FEI, Acht, The 
Netherlands). Transmission electron microscopy (TEM) images were 
collected on a JEOL 2100 TEM (JEOL Ltd., Tokyo, Japan) with an 
accelerating voltage at 200 kV, with point-to-point resolution of 
0.28 nm. TEM samples were prepared by dispersing a thin film of 
SnO2 nanospheres on Cu grid pre-coated with thin and flat carbon 
film. Nitrogen adsorption-desorption measurements were 
conducted with a Micrometrics ASAP 2020 system (Micrometrics 
TriStar II, USA). X-ray photoelectron spectroscopy (XPS) 
experiments were carried out on an ESCALAB 250 XPS system 
(Thermo Fisher Scientific Inc., Waltham, MA, USA) with an Al K 
anode (1486.6 eV photon energy, 0.05 eV photon energy resolution, 
300 W). Attentuated total reflectance Fourier transform infrared 
spectra (ATR-FTIR) of SnO2 nanospheres before and after As(III) 
adsorption were measured on a Nicolet 6700 FI-IR spectrometer 
with an attenuated total reflection attachment (Thermo Fisher 
Scientific Inc., Waltham, MA, USA). The zeta-potential of SnO2 
nanospheres at different pH was measured by a Malvern Nano ZS90 
Zetasizer (Malvern Instruments Ltd., Malvern, Worcestershire, UK). 
The zeta-potential was determined by mixing 0.02 g SnO2 
nanospheres into 200 mL DI water with pH values adjusted 
between 3 and 10 by adding 0.1 M HCl or 0.1 M KOH. 
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Arsenite Adsorption Experiment 

The As(III) stock solution was prepared by dissolving proper amount 
of NaAsO2 into DI water to reach 1.333 mM (~ 100 mg L

-1
) and 

stored in the dark in a refrigerator at 4 
o
C. In the adsorption kinetic 

study, the initial As(III) concentrations were adjusted to ~ 1.32 mg L
-

1
 and ~ 85.7 μg L

-1
 by diluting the As(III) stock solution. The dosages 

of SnO2 nanospheres were 0.05 g L
-1

 and 0.1 g L
-1

 for As(III) 
concentration at ~ 85.7 μg L

-1
, and 0.2 g L

-1
 and 0.35 g L

-1
 for As(III) 

concentration at ~ 1.32 mg L
-1

. In the equilibrium adsorption 
isotherm experiments, 0.1 g L

-1
 SnO2 nanospheres were added to 

As(III) solutions, and the As(III) concentrations varied from 0.5 mg L
-

1
 to 100 mg L

-1
. 

During the adsorption experiments, 500 mL As(III) solution was 
first adjusted to pH 7 ± 0.5 with 0.1 M HCl and 0.1 M KOH. Then, 
SnO2 nanospheres were added into the As(III) solution followed 
with 2 min ultrasonication for their dispersion. The suspension was 
sealed by plastic wrap immediately, and the adsorption 
experiments were all conducted at 25 

o
C with magnetic stirring at 

500 rpm by an electric stirrer (JJ-1, Shanghai Pudong Physical 
Optical Instrument Factory Shanghai, P. R. China) to ensure a good 
contact between SnO2 nanospheres with As(III). At appropriate time 
intervals, samples of the suspension were withdrawn and filtered 
by 0.22 µm syringe filter to obtain treated As(III) solutions for 
arsenic concentration measurement. To avoid the potential 
oxidation of As(III) to As(V), one drop of concentrated HCl was 
added into the clear solutions. The samples were analyzed by an 
atomic fluorescence spectrophotometer (AFS-9800, Beijing Ke 
Chuang Hai Guang Instrument Inc., Beijing, P. R. China) to 
determine the remaining As(III) concentrations. All experiments 
were in triplicate, and each reported result was the average of 
these three repeated tests. 

To investigate the ionic strength effect on As(III) adsorption, the 
solution ionic strength was adjusted by the addition of 0.001 M, 
0.01 M, and 0.1 M NaCl in As(III) solutions at near neutral pH 
(7±0.5). The dosage of SnO2 nanospheres was 0.1 g L

-1
 and the 

contact time was 24 h. To investigate the effect of competition ions 
on As(III) adsorption, SO4

2-
 , HCO3

-
, NO3

-
, H2PO4

-
 and Ca

2+
 were 

chosen as co-existing ions. The concentration of each co-existing ion 
was 100 times and 500 times as that of As(III) (1 mg L

-1
) in the 

solution, respectively. The solution pH was adjusted to near neutral 
(7±0.5) before SnO2 nanospheres were added (0.1 g L

-1
) and the 

total contact time was 24 h. For the As(III) desorption study, NaOH 
aqueous solution was chosen as the desorption solution, and the 
NaOH concentration effect on the As(III) desorption from SnO2 
nanospheres was examined with NaOH solutions of 0.001, 0.01, 0.1 
and 0.5 M, respectively. After their equilibrium As(III) adsorption in 
water samples with initial As(III) concentration of ~ 4.2 ppm 
(equilibrium As(III) adsorption amount of ~ 30 mg g

-1
), 0.01 g SnO2 

nanospheres were dispersed into 100 mL NaOH solutions and the 
desorption time was 24 h. 
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