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Abstract Zinc stannate (Zn2SnO4) powder was prepared

by a hydrothermal process at 200 �C for 12 h. The material

was characterized by X-ray-diffraction (XRD) and N2

adsorption–desorption isotherms. The synthesized sample

presented a pure phase, an average nanocrystal size of

about 19 nm, a surface area (BET) of about 41.8 m2 g-1

and total pore volume of about 0.19 cm3 g-1. Its photo-

catalytic activity was tested by the degradation of the

leather azo-dye, Direct Black 38, in aqueous solution under

UV irradiation. Adsorption kinetic data showed that the

pseudo-second-order model was the most appropriate for

the dye studied. Adsorption onto the Zn2SnO4 surface

followed the Langmuir isotherm. The catalyst showed

highly photocatalytic activity towards degradation of the

dye, almost equal to that of the TiO2-P25 Degussa photo-

catalyst. The results indicate that Zn2SnO4 could be

employed for the removal of dyes from wastewaters.
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1 Introduction

Dye effluents may present certain environmental prob-

lems. For example, the presence of color may reduce

aquatic diversity by blocking the passage of light through

the water. Conventionally, dye wastewaters discharged by

the textile and leather industry are treated using various

chemical and physical methods, such as chemical coag-

ulation, biological treatment, adsorption, ultrafiltration

[1–5]. However, these processes have only limited

success.

In recent years, attention has been focused on hetero-

geneous photocatalysis for the treatment of dye wastewa-

ters. Several studies on photocatalytic degradation of dyes

using semiconductor materials have been reported [6–9].

Semiconductor oxides and sulfides such as ZnO, Fe2O3,

ZnS, CdS have been used, but among the photocatalysts,

TiO2 is one of the most used due to its high photocatalytic

activity. Doping or combining TiO2 with various metal

ions such as Pt, Au, Co, Cu has been reported to be ben-

eficial [10–14].

As an important member of transparent semiconductor

materials, Zn2SnO4 is known to have high electrical

conductivity, high electron mobility and low visible

absorption [15–17], which makes it suitable for a wide

range of applications, such as gas-sensing material [18],

as anode material for Li-ion batteries [19] and as a pho-

tocatalyst for degradation of benzene in an aqueous

solution [20]. It is usually prepared by solid-state calci-

nation between ZnO and SnO2, at high temperatures

(higher than 1,000 �C) [21]. However, this conventional

method presents disadvantages such as difficulty in

obtaining a pure phase and the need for very high reaction

temperatures [22].

In this study Zn2SnO4 was synthesized by the hydro-

thermal method at 200 �C for 12 h. The characterization

of this material and its photocatalytic activity in the

degradation of azo leather dye, Direct Black 38, was

investigated.
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2 Experimental

2.1 Catalyst preparation

The nanosized Zn2SnO4 photocatalyst was prepared using

the hydrothermal method. Zinc acetate (ZnAc2�2H2O,

analytical grade) and tin tetrachloride (SnCl4�5H2O, ana-

lytical grade) were used as zinc and tin sources, respec-

tively without further purification. The reaction system

composition used to synthesize the Zn2SnO4 catalyst was

as follows:

1SnO2:2.33ZnO:360H2O:8:3NaOH

The amount of reagents used was calculated based on the

reaction stoichiometry (Eq. 1).

2ZnAc2 þ 1SnCl4 þ 8NaOH! Zn2SnO4 þ 4NaAc

þ 4NaClþ 4H2O ð1Þ

The zinc acetate aqueous solution was added into tin

tetrachloride aqueous solution slowly. Sodium hydroxide

(NaOH) solution used as mineralizer was added dropwise

into the mixture under magnetic stirring, resulting in a pH

of 7.5. The final mixture was charged into a PTFE-lined

stainless autoclave and the hydrothermal reaction was

carried out at 200 �C for 12 h. Subsequently, the autoclave

was allowed to cool naturally. The precipitate was filtered,

washed with distilled water, and dried at 120 �C for 10 h.

2.2 Characterization methods

Nanopowder was characterized by X-ray diffractometry

(XRD) (equipment Shimadzu model XD-7, with Cu Ka
radiation). The average size of the Zn2SnO4 spinel crys-

tallite was determined through the Scherrer equation:

D = Kk/(h1/2 cos h), where D is the average crystallite

size, K the Scherrer constant (0.9), k the wavelength of

incident X-rays (0.15405 nm), h1/2 the peak width at half

height and h corresponds to the peak position (in this work,

2h = 34.29).

N2 adsorption–desorption isotherm measurements were

carried out at 77 K using an Autosorb (Quantachrome)

apparatus.

2.3 Materials and photoreactor

Direct Black 38, an azo dye extensively used in the leather

industry, was used as the model compound. The chemical

structure of the dye is given in Fig. 1. The photocatalytic

activity of the commercial TiO2 Degussa P25 was also

evaluated and compared with that of Zn2SnO4. TiO2 De-

gussa P25 is mostly in the anatase form (80% anatase form

and 20% rutile) and has a BET surface area of 50 m2 g-1

corresponding to a mean particle size of ca. 30 nm, and

mean pore diameter of about 6.9 nm. The reactor was a

commercial photochemical reactor (Hereaus UV-RS-1) of

500 mL, irradiated by a 150 W high-pressure mercury

vapor lamp and light intensity was 4.04 9 10-4 Ein-

stein min-1 [23]. The UV lamp was surrounded by a quartz

thimble in the center of the reactor to ensure a homoge-

neous radiation field inside the reactor. A cylindrical jacket

located around the plugging tube contained circulating

water to absorb radiation and avoid heating of the solution.

The temperature of the reaction medium was maintained at

298 K. The volume of the aqueous solution of dye was

400 mL to which 0.4 g of catalyst was added. The solution

was magnetically stirred.

2.4 Adsorption tests

For the adsorption tests, 0.4 g of catalyst was added to

400 mL of the aqueous solution of dye at different initial

concentrations and at pH 2.5, which was adjusted by using

dilute H2SO4. The resulting solution was then stirred

continuously at constant temperature (25 ± 2 �C) in the

dark to achieve the adsorption equilibrium of dye on the

catalyst. During the runs, 5 mL samples of solution were

withdrawn at regular intervals and were centrifuged and

filtered through a 0.22 lm PVDF membrane (Millipore) to

completely remove catalyst particles. The amount of

adsorbed dye on the catalyst surface was determined by

mass balance. UV-vis absorption spectrum of Direct Black

38 aqueous solution at pH 2.5 was shown in a previous

study [24]. The UV-vis absorption of dye is characterized

by one band in the visible region, with its maximum

located at 590 nm and by one band in the ultraviolet region
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with its maximum at 310 nm [25]. All samples were ana-

lyzed using a Shimadzu 1650C UV spectrophotometer at

kmax = 590 nm.

3 Results and discussion

3.1 Catalyst characterization

The XRD pattern for Zn2SnO4 is shown in Fig. 2. All the

diffraction peaks can be perfectly indexed to cubic spinel-

structured Zn2SnO4 (JCPDS Card No. 74-2184). The peaks

and intensities of the produced powder and that of standard

were the same. This indicates that there was a complete

formation of the spinel phase in the obtained sample. The

Zn2SnO4 lattice constant obtained by refinement of XRD

data for the synthesized Zn2SnO4 was a = 8.65 Å (JCPDS

Card No. 74-2184). The route of hydrothermal synthesis

employed in this study presents the advantages of obtaining

phase-pure Zn2SnO4, with the use of lower reaction tem-

peratures. The crystal size was about 19 nm, as determined

by the Scherrer equation.

Representation of nitrogen adsorption–desorption iso-

therms of Zn2SnO4 is shown in Fig. 3. The isotherms can

be classified as type II, indicating a microporous structure.

The BET area surface was found to be 41.8 m2 g-1, and

the total pore volume was 0.19 cm3 g-1.

3.2 Removal by adsorption

Adsorption of dyes on the semiconductor surface is an

important parameter in heterogeneous photocatalysis.

Adsorption tests were carried out in order to evaluate the

equilibrium constants. The influence of contact time on dye removal by Zn2SnO4 is presented in Fig. 4. It can be seen

that the material was efficient in adsorbing dye and the

process gradually attained equilibrium. The time profile of

dye removal was a single, smooth and continuous curve

leading to saturation. Figure 4 also shows that the contact

time required to attain equilibrium was about 120 min for

all the initial concentrations of dye.

Adsorption kinetic data were modelled using pseudo-

first- and pseudo-second-order kinetic equations [26, 27].

Values of the rate constant (k1), equilibrium adsorption

capacity (qe) and the correlation coefficient (r2) were cal-

culated from the plots of log(qe - qt) versus t (for the

pseudo-first-order) and t/qt versus t (for the pseudo-second-

order) for each initial concentration of dye and are pre-

sented in Table 1. The calculated qe values for the pseudo-

first-order model do not agree with experimental values

(Table 1). The plots of t/qt versus t showed a linear rela-

tionship with correlation coefficients higher than 0.99 for

the pseudo-second-order kinetic model. The calculated qe

values agree very well with the experimental data (Table 1)
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and this indicates that the adsorption of dye on Zn2SnO4

follows a pseudo-second-order model.

Figure 5 shows adsorption isotherms that express the

adsorbed amounts as a function of the equilibrium con-

centration for Direct Black 38 in solution. Using the Giles

classification [28], the isotherms obtained in the present

work are the Langmuir type (L) with an initial concavity to

the concentration axis. The L-shape isotherm means that

there is no strong competition between the solvent and the

dye to occupy the Zn2SnO4 surface sites.

The data obtained from the adsorption experiments were

fitted to the Langmuir model (Eq. 2) [29]:

qe ¼
qmbCe

1þ bCe

ð2Þ

where Ce is the concentration of the dye in solution at

equilibrium (mg L-1), qe is the amount of dye adsorbed per

unit weight of the catalyst at equilibrium (mg g-1), b is the

Langmuir adsorption constant (L mg-1), and qm is the

amount of dye adsorbed corresponding to monolayer cov-

erage (mg g-1).

The linear plot of 1/qe versus 1/Ce (Fig. 6) shows that

adsorption follows the Langmuir isotherm model. The fit-

ting of experimental data to the Langmuir model resulted

in maximum adsorption capacity (qm) of 102 mg g-1 and

b = 0.061 L mg-1. In a previous study, Moreira et al. [24]

found qm = 154 mg g-1 for the adsorption of Direct Black

38 dye on Degussa P25 catalyst, under the same experi-

mental conditions as used in this study.

3.3 Photodegradation study

The photocatalytic activity of Zn2SnO4 was evaluated by

the degradation of Direct Black 38 azo-dye in aqueous

solution, and was compared with that of commercially

available Degussa-P25 catalyst. At the beginning of the

experiments, 0.4 g of catalyst and 400 mL of the dye

solution were fed into the photoreactor. The pH was

adjusted to 2.5 by using dilute H2SO4. The dye solution

was then magnetically stirred in the dark for 120 min

before irradiating the photoreactor to make sure that the

adsorption equilibrium was reached. Samples were peri-

odically taken from the reactor, centrifuged and filtered

through a 0.22 lm PVDF membrane (Millipore) before

being subjected to a UV-vis spectrophotometer (Shimadzu

1650C UV, at kmax = 590 nm. The initial dye concentra-

tion in the solution was 100 mg L-1.

Table 1 Adsorption kinetic

parameters for each initial

concentration of dye in solution

Concentration

dye (mg L-1)

First-order kinetic model Second-order kinetic model

qe (exp.)

(mg g-1)

k1

(min-1)

qe (calc)

(mg g-1)

r2 k2 (g mg-1

min-1)

qe (calc)

(mg g-1)

r2

50 49 0.028 33.95 0.971 2.35 9 10-3 52.6 0.999

100 61 0.027 46.19 0.995 2.48 9 10-3 62.5 0.999

300 103 0.029 73.42 0.992 1.53 9 10-3 107.0 0.999
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The photocatalytic degradation performance of the

process was defined as % Degradation = (A0 - A)/A 9

100, where A0 is the initial absorbance and A is the final

absorbance. The degradation of the dye molecules was

negligible by direct photolysis. A degradation of the dye

was only observed with the simultaneous presence of cat-

alyst and UV-light.

The evolution of the dye degradation with irradiated

time for both photocatalysts is shown in Fig. 7. The pho-

tocatalytic activity of Zn2SnO4 was almost equal that of the

TiO2-P25 photocatalyst, which may be attributed to its high

specific surface area (41.8 m2 g-1), high crystallinity and

nanometric particle size (about 19 nm). The performance

of a photocatalyst in the degradation of dyes is a complex

function involving many parameters such as morphology of

the particle surface, surface charge density, dye adsorption

capacity of the material, which is related to the BET sur-

face area, and pore size distribution. Lou et al. [30]

observed that Zn2SnO4 nanocrystals exhibited high pho-

tocatalytic activity to various reactive dyes such as Reac-

tive Turquoise Blue K-NR, Reactive Turquoise Blue

B-RN, and Reactive Black B-GFF because of their great

specific surface area (about 62 m2 g-1). Zhang et al. [31]

observed that oxide coupled ZnO–SnO2 nanocrystals had

equally excellent photocatalytic activity for the degradation

of methyl orange when compared to TiO2-P25.

4 Conclusions

Photocatalyst nano material was successfully prepared

through a low temperature hydrothermal process. The

synthesized material presented a pure phase and the mean

nanocrystal size was of nanometric scale. An evaluation of

adsorption and photocatalytic degradation of a direct dye

using Zn2SnO4 as catalyst showed that a pseudo-second-

order model best described the adsorption kinetic data. The

equilibrium adsorption was described according to the

Langmuir model and the monolayer coverage capacity was

102 mg of dye per gram of Zn2SnO4. The oxide produced

showed efficient catalytic activity in degrading the azo-dye

in aqueous solution, to an extent almost equal to that of

commercially available TiO2-P25 Degussa. Thus, nano

Zn2SnO4 is a promising candidate for the photodegradation

of dyes from wastewaters.
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