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Abstract The nanoparticles tin oxide (SnO2) has been

successfully synthesized via a sol-gel method. The as-

prepared SnO2 was characterized using thermogravimetric

analysis coupled with mass spectroscopy, X-ray diffraction

and scanning electron microscope. Batch experiments were

carried out to study the adsorption kinetics of Congo red

azo dye on SnO2. The effect of varying parameters such as

contact time, initial dye concentration and adsorbent dose

on the adsorption process was investigated. The results

showed that the SnO2 catalysts has high crystallinity with

tetragonal rutile structure and average particle size about

13–23 nm. The untreated sample SnO2-80 exhibited high

efficiency (84.41 %) after 60 min of exposure time, which

was 2 times as much as that of SnO2-450 sample. The

adsorption process was found to be highly dye concentra-

tion and adsorbent dose dependent. Pseudo-second-order

kinetic model gave the best fit, with highest correlation

coefficients (R2 C 0.99). Regarding the adsorption equi-

librium, the experimental results suggest that the Langmuir

model was applicable. The formation of hydrogen bond

and the electrostatic interaction between the Sn2? center

and the electron rich nitrogen atoms of CR moiety were

believed to be the main adsorption mechanism. These

findings should be valuable for designing effectively

adsorbent material and practical interest in terms of ecol-

ogy and sustainable development.

Keywords Sol-gel method � SnO2 � Congo red �
Adsorption activity

Introduction

Tin oxide (SnO2) has been attracting a great deal of

research interest owing to its outstanding physical and

chemical properties. Investigation has shown that SnO2 has

a high exciton binding energy of 130 meV [1], high

chemical stability and excellent resistivity variation in a

gaseous atmosphere. These intriguing properties make

SnO2 a promising candidate for basic research and tech-

nological applications alike. Tin oxide is a versatile wide

band gap (3.6 eV at 300 K) [2], n-type semiconducting

oxide with an extensive potential of applications including

solid-state gas sensors [3], dye-based solar cells [4], field

emission displays [5], luminescent devices [6]. This oxide

is among the few with the band gap energy near to visible

light [7, 8]. In the last decade, SnO2 has been studied as

promising material with many unique surface properties

including luminescence and photocatalytic activity [8, 9].

Adsorption is a conventional but efficient technique to

remove heavy metals or organics from aqueous solutions.

Adsorption techniques for wastewater treatment have

become more popular in recent years owing to their effi-

ciency in the removal of pollutants too stable for biological
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methods. Recently, enormous efforts have been directed

toward the development of size-controlled synthesis of

various functional materials in current applications such as

microemulsion [4], hydrothermal [10], gel combustion

[11], sol-gel and ultrafiltration [12], thermal decomposition

[13] and surfactant-assisted solvothermal method [14]. Sol-

gel method is one of the most widely used techniques to

produce SnO2 powders and factors, such as pH medium,

initial concentration, calcinations temperature, and aging

time are important to the process [15–17].

Sol-gel method is an outstanding route to the synthesis

of hybrid nanoparticles and nanocomposites. Generally

speaking it gives inorganic high purity materials at mild

synthesis conditions (temperature and pH). An outstanding

variation is the so-called Stober method allowing colloidal

particles (with well-defined size and shape and with narrow

size distribution) be produced through hydrolysis and

polycondensation of silicon alkoxides in water/alcohol/

ammonia mixtures. The sol-gel method allows, also, easy

functionalization of silica nanoparticles with specific

organic groups. Many of the hybrid nanoparticles synthesis

methods take advantage of all this. The sol-gel method

finds, however, applications in many other research fields

[18].

In the present study, nanostructured tin oxide (SnO2)

was synthesized via a sol-gel method. The as-prepared

SnO2 samples were characterized using thermogravimetric

analysis coupled with mass spectroscopy (TG-SM), X-ray

diffraction (XRD) and scanning electron microscope

(SEM). Batch experiments were carried out to study the

adsorption kinetics of Congo red azo dye, as probe pollu-

tant, on SnO2. The effect of varying parameters such as

contact time, initial dye concentration and adsorbent dose

on the adsorption process was investigated. Experimental

kinetic data were tested with the pseudo-first-order and

pseudo-second-order kinetic equations.

Experimental

Materials

The starting materials were tin dichloride dihydrate

(SnCl2�2H2O; 98 wt%) and oxalic acid dihydrate (H2C2O4;

99.5 wt.%) and SnO2 (99.99 wt.%) were all obtained from

Aldrich chemical company ltd. Congo red (C.I. 22020,

MW = 696.67 g mol-1, C32H24N6O6S2.2Na, kmax =

497 nm and pKa = 4; 99.99 wt%) and other chemicals

used in the experiments (NH4OH and H2SO4) were pur-

chased from C.I.S.A Espagne. Distilled water was used for

preparation of various solutions. The Congo red dye

structure and its characteristics are given in Table 1.

Preparation of ultrafine n-SnO2

SnO2 was synthesized using co-precipitation method. In a

typical synthesis procedure, tin dichloride dehydrate,

SnCl2�2H2O, was dissolved in 250 ml of deionized water to

reach a Sn(II) concentration of 0.4 M. The obtained white

turbid suspension was magnetically stirred for 1 h at room

temperature. A stoichiometric amount of oxalic acid, which

was used as the chelating agent to complex the cations,

then were added dropwise to the aqueous solution of tin

dichloride in the molar ratio 1:1 with respect to the cations

(Sn). The resulting suspension was kept under stirring for a

further 4 h and the precipitate was finally collected by

centrifugation, washed with deionized water and ethanol

for 3 times in order to remove the excess retained chloride

ions. Complete removal of the chloride ions was confirmed

with the silver nitrate test applied to the supernatant. The

precipitate was washed twice with ethanol to reduce

agglomeration by interparticle bridging [19]. The washed

precipitate was then dried at 80 �C for 24 h (denoted as

SnO2-80) after which it was ground with an agate mortar.

The as-synthesized nanostructured SnO2 were heated in

temperature range from 450 to 650 �C for 4 h, respec-

tively. The SnO2 samples after annealing (denoted as

SnO2-450 and SnO2-650, respectively). The commercial

SnO2 sample (denoted as SnO2-com). A schematic illus-

tration of the synthesis method was depicted in Fig. 1.

Characterization

The crystalline structure of the catalysts were characterized

by powder X-ray diffraction (XRD) employing a scanning

rate of 10�/min in a 2h range from 10� to 70�, in a Bruker

D8 Advance diffractometer using monochromatized CuKa
radiation (k = 1.5406 Å). The crystalline average size

(dDRX) was assessed using calculation using the Debye–

Scherrer equation [20–22] equation as follows Eq. (1):

dDRX ¼ 0:9k
b sin h

ð1Þ

where b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðFWHMÞ2 � ð0:3Þ2
q

and k is the X-ray

wavelength (1.5406 Å). FWHM is the full-width at half

maximum and h is the Bragg angle. FWHM was calculated

from the peak having highest intensity in all the samples.

The lattice constants of the samples calculated from their

corresponding XRD pattern data are obtained by full proof

of program. The crystallite sizes of the pure nanoparticles

were deduced from the XRD patterns by calculation of the

Scherrer equation.

The morphologies of the samples were observed by

scanning electron microscopy (SEM), which were taken on

a S4800 Field Emission SEM (FESEM, Hitachi, Japan),

54 Int J Ind Chem (2016) 7:53–70

123



using an accelerating voltage of 15 kV. Thermogravimetric

analysis coupled with mass (TG-SM) was performed with a

Setaram Instrument, at heating rate of 10 �C/min, a tem-

perature range from 25 to 800 �C, in air gas purge of

30 ml/min with a sample weight of 22.4 mg.

Sorption study

Adsorption kinetics experiments were carried out as a single-

stage batch test using a magnetically stirrer at 298 K using

250 mL beaker containing 100 mL different concentrations

of dye solutions and doses of sorbent. The initial pH of dye

solutions was adjusted at 7 by HCl and NaOH solutions using

digital pH-meter using HANNA HI 83141. At given inter-

vals, 5 mL aliquots were collected, centrifuged using EBA-

Hetlich centrifuge at 3500 rpm for 15 min, and then filtered

to remove the catalyst particles for analysis. The filtrates

were finally monitored using a UV–Vis spectrophotometer

using (UV–Vis Spectrometer Shimadzu UV mini-1240), in

the k range from 200 to 800 nm, using 1 cm optical pathway

cells and computing from the calibration curves. The

experiments were done by varying the contact time

(0–60 min), concentration of dye solution (20–50 mg/L) and

amount of adsorbent (0.375–1 g/L).

Table 1 The molecular structure and chemical properties of Congo red dye (CR)

Molecular structure Chemicals properties

Chemical formula C32H22N6Na2O6S2

k max (nm) 497

Chemical class Diazo dye

Mw (g/mol) 696.665

C.I. number 22120

pKa 4

SnCl2 ·2H2O: 200 ml/0.4 M

Stirring at T=25 °C for 1h

                 H2C2O4 solution: 200 mL/0.4 M

Turbid suspension

Stirring at T=25°C for 4h

Filtration of white colored SnCl2.2 H2O
SnCl3.(OH) (H2O)3 precipitateWashed with deionized water and ethanol 

Precipitate dried at 80 °C for 24 hSample labeled as SnO2-80

Characterization: TGA/MS, XRD, SEM 

Calcinations’ at 450 and 650°C for 4 h

     Samples labeled as SnO2-450  and SnO2-650  

Fig. 1 Schematic illustration of

the synthesis of nanostructured

SnO2 by a chemical

precipitation process
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Isotherm studies

Adsorption experiments were carried out as a single-stage

batch test using a magnetically stirrer. A suspension con-

taining 0.1 g of adsorbent sample was mixed with a

100 mL aqueous solution of dye at a known initial con-

centration and initial pH in a flask. The initial pH values of

the solutions were previous adjusted to 7. Aliquots of the

solution were withdrawn at a predetermined time intervals

and were centrifuged at 3500 rpm for 15 min to remove

any adsorbent particles. Dye concentrations in the super-

natant solutions were subsequently estimated by measuring

absorbance at maximum wavelength of dye by spec-

trophotometer. The adsorption tests were continued until

the equilibrium concentration was reached. The adsorption

capacity of CR dye was researched over a range of con-

centration from 10 to 50 mg/L.

The adsorption capacity Q (mg/g) was calculated based

on a mass balance equation as given below Eq. (2):

Qðmg=gÞ ¼ ðCe� CtÞ
m

� �

v ð2Þ

The removal efficiency is expressed as follows Eq. (3):

gð%Þ ¼ ðCi � Cf Þ
Ci

� �

� 100 ð3Þ

where Q is the adsorption capacity of the adsorbate (mg/g),

m is the weight of adsorbent (g), v is the volume of solution

(L), and Co (mg/L) and Ce (mg/L) are initial and equi-

librium concentration of adsorbate in solution,

respectively.

Results and discussions

TG-MS analysis

TGA was used to clarify the appropriate heat treatment

temperature for the tin complex. Coupling a mass spec-

trometer (MS) to a thermogravimetric analysis (TG) allows

evolved gases to be analyzed and identified giving this

additional valuable information. Figure 2, shows TG-SM

curves of the SnO2-80 sample heated up to T = 800 �C.

The TG curve shows three well defined regions of weight

loss. The first mass loss involved the dehydration of two

H2O molecules and the formation of insoluble SnC2O4

crystals occurs during the heating from 25 �C to

T = 80 �C. Tin oxalate (SnC2O4) is stable until 250 �C and

will be transformed completely into SnO2 at 330 �C as

shown in the region of second mass loss. In this step, the

organic ligand and other residues were continuously oxi-

dized by heating from 250� to 330 �C. The second

sequential weight loss displayed an even rapid and was

found to be 50 %. Hardly any further weight loss in the TG

curve can be observed at temperatures above 330 �C,

indicating the completion of reaction as shown in the third

sequential weight loss. The dehydration of hydroxide pre-

cursor and removal of organics in the form of oxides of

carbon, the most likely dioxide of carbon by heating from

T = 270 to T = 450 �C which was characterized at the MS

curves by the highest intense peak at T = 380 �C and the

lowest intense peak at T = 350 �C, respectively. As shown

in Fig. 2, the chemical reaction finishes at about 380 �C,

resulting in the formation of SnO2 powder [13]. Based on

the thermal analysis results mentioned above, T = 450 �C
was selected as appropriate calcination temperature for the

precursors.

XRD analysis

The XRD patterns of the nanostructured SnO2 are shown in

Figs. 3 and 4. Diffraction peaks SnO2-80 sample (Fig. 3)

was indexed as the pure monoclinic structure of tin oxalate

(SnC2O4) lattice constant a = 10.3708 Å et b = 5.5035 Å

and c = 8.7829 Å (which is in good agreement with

standard value (JCPDS file No. 22-496). Diffraction peaks

of SnO2-com (Fig. 4a) at 2h of 26.63�, 33.73�,37.94�, and

51.79� can be indexed as the (110), (101), (200), and (211)

planes of tetragonal rutile-like SnO2 [Cassiterite, Joint

Committee on Powder Diffraction Standards (JCPDS) card

No. 41-1445, space group: P42/mnm, lattice constant

a = 4.7373(2) Å et b = 3.1865 (3) Å]. The relative

intensities of (101) and (110) peaks are the largest. No

characteristic peaks of impurities were observed, indicating

the high purity of the product. The SnO2-450 and (Fig. 4c)

and SnO2-650 (Fig. 4b) samples were also perfectly

indexed as the pure tetragonal rutile structure of stannic

oxide. The low index (110) face is the thermodynamically

most-stable bulk termination in oxides and has the lowest

surface energy [14]. It means that SnO2 prefer to grow

along the [110] direction, forming the SnO2 nanostructure.

The lattice constant of nanoparticle samples calculated

from their corresponding XRD pattern data are obtained by

full proof program were found to be a = 4.743(2) Å and

b = 3.189 (2) Å for SnO2-450 sample, a = 4.758 (2) Å

and b = 3.1875 (8) Å for SnO2-650 sample. Here, we

observe that the XRD patterns in the 2h range from 20� to

41� (Fig. 5) show that the SnO2-450 and SnO2-650 samples

exhibit broadened peaks with a little shift toward lower

intensities. Based on the Scherrer equation, the crystallite

size of a sample is inversely proportional to the full-width-

half-maximum (FWHM), indicating that a broader peak

represents smaller crystallite size [23]. Thus, the higher

temperature promotes the crystallinity and a consequent

broadening of the diffraction peaks of the as-synthesized

nanoparticles. The highest broadening of the diffraction
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peaks is observed for SnO2-450 sample. The crystallite

sizes of SnO2-com, SnO2-450 and SnO2-650 samples

deduced from the XRD patterns by calculation of the

Scherrer equation showed that crystalline size, dXRD were

found to be 50, 13 and 23 nm, respectively. The crystal-

lographic parameters obtained on the SnO2 nanostructure

powders given in Table 2 show that the calcination tem-

perature did significantly decrease the crystallite size (in-

crease the surface area) of the material SnO2. At 80 and

450 �C, an increase in the calcination temperature caused a

remarkable decline of the crystallite size, which was not

the case at 650 �C where the relatively higher calcination

temperature significantly improved the crystallite size from

13 to 23 nm, this can be explained by the fact that at the

thermal activation at 650 �C, the material particles became

so finer, reducing the porosity of the surface and hence

compacting it to generate a lower surface area. A previous

study of [24] reported on the synthesis of the submicron tin

oxide (SnO2) from tin(II) chloride and oxalic acid in air. It

was found that the spherical particles of a very consistent

diameter of 75 nm. For the SnO2 sample synthesized via

the modified polyacrylamide gel route, in a recent pub-

lished study [25] reported a calculated crystallite size of the

sample prepared by using oxalic acid as the chelating agent

at 118 nm. Another study on the synthesis of the

nanoparticles tin oxide (SnO2) using citric acid as the

chelating agent at 15 nm [26]. Therefore, our values are

much lower than the reported data.

SEM analysis

Figure 6, illustrates typical SEM images of the as-syn-

thesized tin oxides compared to SnO2-com samples. The

SnO2-com morphologies consisted of large spherical
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SnO2-80) nanoparticles
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aggregates of smaller individual nanostructures, as shown

in Fig. 6a. Figure 6b illustrates typical high-resolution

SEM image of SnO2-com sample to further show the

details of the nanostructure. As seen in Fig. 6b, it clearly

SEM analysis (Fig. 6b) shows two different spherical-

shaped nanostructures on the SnO2 surfaces, which can be

assigned to SnO2 with a particle size in the range of

0.1 lM and SnO with approximately 0.2 lm dimensions.

Compared to SnO2-com, the morphology of SnO2-80

(Fig. 6c) consisted of mixtures of individual and
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Fig. 5 XRD patterns of SnO2-

com (blue color), SnO2-450

(red color) and SnO2-650

(green color) nanoparticles in

the 2h range from 20� to 41�

Table 2 Crystallographic parameters of the as-synthesized SnO2 nanoparticles

Samples Crystal structure Unit cell parameter ‘a’ and ‘b’(Å) Crystallite size (nm)

SnO2 (JCPDS No. 41-1445) Tetragonal a = 4.7373 (2); c = 3.1865 (3) –

SnO2-com Tetragonal a = 3.1875 (8); c = 4.738 (2) 50

SnO2-80 (SnC2O4) Monoclinic a = 10.3708; b = 5.5035; c = 8.7829 –

SnO2-450 Tetragonal a = 4.743 (2); c = 3.189 (2) 13

SnO2-650 Tetragonal a = 4.738 (2); c = 3.1875 (8) 23
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intergrowths of elongated prisms, with a particle size in

the range of 3–10 lM. Figure 6d, e, display the SEM

images of SnO2-450 and SnO2-650 samples, revealing

that the nanostructures consisted of a foamed body, which

resulted from the gas release during decomposition. Pre-

vious published study [27] reported on the oxidation of

VOC2O4 to V2O3. It was suggested that the reaction gases

form a shell around the oxide particles during calcination,

Fig. 6 SEM images of SnO2: a low-resolution of SnO2-com, b high-resolution of SnO2-com, c SnO2-80 (SnC2O4), d SnO2-450 and e SnO2-650

nanoparticles

Int J Ind Chem (2016) 7:53–70 59
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which can limit agglomeration. As the calcinations tem-

peratures were increased up to 450 �C, the aggregation of

the particles becomes more dominant. This can be

attributed to the higher solubility and collision between

particles. A strong degree of the foamed nanostructures

with size about 750–3 lm was observed in SnO2-650

sample, which agrees with the XRD results. The different

morphology reveals the key role of individual the oxalate

acid chelating agent in controlling the nucleation and

crystal orientation.

Removal properties of CR

Effect of contact time

Figure 7 illustrates the effect of time on the removal of

Congo red (CR) dye on SnO2-80, SnO2-450 and SnO2-com

samples. The adsorption of this dye is fast in the first

10–30 min, and then gradually slows until equilibrium is

reached. The equilibrium time obtained is basically

depends on the nature of the explored material. As dis-

played in Table 3, the sorption efficiency of CR over the

SnO2-80 nanoparticles was more than 84.41 % after

60 min of contact time, which was approximately 2 times

as much as that of SnO2-450 (50.05 %) and was slight

equal to SnO2-com (83.33 %). The obviously enhanced

sorption efficiency of SnO2-80 catalyst was primarily

caused by the balance of the high crystallinity and the large

surface area for adsorbing substrates, in agreement with

XRD and SEM results. However, these requirements are in

general conflict with each other, because the crystallinity

increases with the heat treatment temperature, while the

surface area decreases. These data indicated that the

removal of CR was not related to the available surface

area; the SnO2-80 nanoparticles exhibited a lower surface

area, but it had higher adsorption efficiency.

This highlights that the adsorption of anionic dye,

although believed to be primary an electrostatic interaction

between the Sn2? center and the electron rich nitrogen

atoms of CR moiety, is rather complicated by many factors

other than the surface characteristics of the adsorbent, such

as dye–dye interaction.

For the SnO2-450 sample, the thermal activation at

450 �C, the material particles became so finer (high

structure crystallinity), reducing the porosity of the surface

and hence compacting it to generate a lower surface area

for absorbing substrates, and therefore decreasing the

number of active sites and the attraction between the dye

and the SnO2-450 surface [28]. Hence the sequential

sorption activity was as follow:

gCR=SnO2�80 [ gCR=SnO2�com [ gCR=SnO2�450

Effects of initial dye concentration

The effects of initial dye concentration as a function of

contact time were conducted in the range of 0–60 min. The

0
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C
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0
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SnO2-80 SnO2-450 SnO2- com

Fig. 7 Adsorption kinetic for

CR adsorption on SnO2-80,

SnO2-450 and SnO2-com

nanoparticles samples

[(CR) = 20 mg/L, (m/

v) = 0.5 g/L, pH 7, T = 298 K

and contact time of 60 min]

Table 3 Adsorption efficiency for CR adsorption of SnO2-80, SnO2-

450 and SnO2-com nanoparticles samples [(CR) = 20 mg/L, (m/

v) = 0.5 g/L, pH 7, T = 298 K and contact time of 60 min]

Materials Adsorption efficiency g (%)

SnO2-80 84.41

SnO2-450 51.05

SnO2-com 83.33
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results (Fig. 8) indicated that the process is found to be

very rapid initially, and the equilibrium is achieved within

60 min. As illustrated in Fig. 8, the adsorption efficiency of

SnO2-80 nanoparticles decreased from 84.41 %

(33.766 mg/g) to 46.59 % (46.595 mg/g) when the initial

concentration of dye was increased from 20 to 50 mg/L,

respectively. Initial concentration provides an important

driving force to overcome all mass transfer resistances of

the dye between the aqueous and solid phases. Decrease in

adsorption efficiency with initial concentration of dye in

due to the dye agglomeration and the reduction of the

thermal mobility of the adsorbed aggregates. Hence, a

lower initial concentration of dye may enhance the process.

So, for CR dye, the initial dye concentration of 20 mg/L is

selected for subsequent experiments.

Effects of adsorbent dose

The effect of adsorbent dose of SnO2-80 nanoparticles on

the adsorption of CR dye is conducted over a range of

adsorbent doses of 0.375 to 1 g/L. As elucidated in Fig. 9,

the efficiency of CR adsorbed raised from 85.56 %

(114.077 mg/g) to 93.77 % (93.766 mg/g) when the

adsorbent dose increases from 0.375 to 0.5 g/L. This

increase in adsorption efficiency with the adsorbent dose

can be assigned to the increased surface area and the

availability of more adsorption active sites. Further

increase in the adsorbent dose beyond of 0.5 g/L, the

adsorption efficiency gradually decreased, almost reaching

85.45 % (42.727 mg/g) at 1 g/L, due to overlapping of

adsorption sites as a result of overcrowding of adsorbent.

The maximum adsorbent dose of SnO2-80 nanoparticles

was found to be 0.5 g/L.

The adsorption kinetics of CR dye on SnO2-80

nanoparticles at different initial concentration and

adsorbent doses, illustrated in Figs. 8 and 9, respectively,

were treated with a pseudo-first-order and pseudo-second-

order models, and the best fit model was selected according

to the linear regression correlation coefficient, R2 value.

The pseudo-first-order model [29] is generally expressed as

(Eq. (4)):

logðQe � QtÞ ¼ logQe þ
K1

2303
t ð4Þ

where Qe and Qt (both in mg/g) are the amount of dye

adsorbed per unit weight of adsorbent at equilibrium and at

any time t, respectively. K1 is pseudo-first order rate con-

stant (min-1). The adsorption rate constants (K1) and the

equilibrium adsorption capacity (Qe), were calculated

experimentally from the linear plots of log (Qe – Qt) versus

t at different concentrations of CR (Fig. 10) and various

adsorbent doses of SnO2-80 (Fig. 12) are summarized in

Tables 4 and 5, respectively.

The usual way to validate a model is to consider the

goodness-of-fit using the linear regression coefficients, R2.

However, using only the linear regression method may not

be appropriate for comparing the goodness of fit of kinetic

models. This is because an occurrence of the inherent bias

resulting from linearization may affect the deduction.

Therefore, in this study in addition to the linear regression

analysis, the experimental data were tested with sum-of-

square error (Ferror) [30] to determine the best fitting kinetic

model. The error function is given by (Eq. (5)):

Ferror ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X ðQe;calc � Qe;expÞ2

N

2

s

ð5Þ

where Qe,exp is the experimentally determined sorption

capacity; Qe,calc is the theoretical sorption capacity from

the different kinetic models and N is the number of data

points.
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CR adsorption onto SnO2-80

nanoparticles at various initial

concentration of the dye

solution [(m/v) = 0.5 g/L, pH

7, T = 298 K and contact time

of 60 min]
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The results show that the values of R2 ranged from 0.81

to 0.92 for initial concentrations of CR of 20, 40, and

50 mg/L and from 0.81 to 0.99 for adsorbent doses of 0.37,

0.5 and 1 g/L, respectively. Furthermore, the experimental

(Qe,exp) data do not agree well with the calculated values

(Qe,cal.), as shown in Tables 4 and 5. The model is not able

to describe the experimental data properly because of the

poor linear correlation and high Ferror values (Tables 4, 5).

All these observations show that the adsorption of CR onto

SnO2-80 does not follow first-order kinetics.

The pseudo-second-order model [31] is represented as

(Eq. (6)):
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Fig. 9 Adsorption kinetic for

CR adsorption onto SnO2-80

nanoparticles at various

adsorbent doses of SnO2-80

sample [(CR) = 20 mg/L, pH 7,

T = 298 K and contact time of

60 min]
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Fig. 10 Pseudo-first-order

kinetic for CR adsorption onto

SnO2-80 nanoparticles at

various initial concentration

of the dye solution

[(m/v) = 0.5 g/L, pH 7,

T = 298 K and contact time of

60 min]

Table 4 Adsorption kinetic parameters for dyes adsorption onto SnO2-80 nanoparticles at various initial concentration of the dye solution [(m/

v) = 0.5 g/L, pH 7, T = 298 K and contact time of 60 min)

Experimental results Pseudo-first-order kinetic model Pseudo-second-order kinetic model

C (mg/L) Qe,exp (mg/g) Qe,calc (mg/g) K1 (min-1) R2 Ferror Qe,calc (mg/g) K2 (g/mg.min) R2 Ferror

20 33.766 44.864 0.086 0.81 11.09 33.784 0.287 1 0.01

40 39.479 24.912 0.058 0.92 13.27 40.161 0.008 0.99 0.34

50 46.595 43.,291 0.050 0.82 13.32 47.847 0.002 0.99 0.53
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Table 5 Adsorption kinetic parameters for dye adsorption onto SnO2-80 nanoparticles at various adsorbent doses of SnO2-80 sample

[(CR) = 50 mg/L, pH 7, T = 298 K and contact time of 60 min]

Experimental results Pseudo-first-order kinetic model Pseudo-second-order kinetic model

m/v (g/L) Qe,exp (mg/g) Qe,calc (mg/g) K1 (min) R2 Ferror Qe,calc (g/mg min) K2 (min) R2 Ferror

0.375 114.077 146.99 0.0838 0.96 32.91 123.46 0.00082 0.87 9.37

0.5 93.766 56.82 0.0696 0.81 37.74 96.154 0.00354 0.99 9.45

1 42.727 41.831 0.1324 0.99 37.74 43.86 0.0133 0.99 9.46
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kinetic for CR adsorption onto

SnO2-80 nanoparticles at

various initial concentration

of the dye solution
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T = 298 K and contact time of

60 min]
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t

Qt

¼ 1

Q2
eK2

þ 1

Qe
t ð6Þ

where K2 is the pseudo-second-order constants (g/mg min).

The initial adsorption rate, h (mg/g min-1), as t ? 0 can

be defined as (Eq. (7)):

h ¼ K2Q
2
e ð7Þ

The equilibrium adsorption capacity (Qe), and the pseudo-

second-order constant (K2) can be determined experi-

mentally from the slope and intercept of plots of t/Qt

versus t, respectively, at different concentrations of

R (Fig. 11) and various adsorbent doses of SnO2-80

(Fig. 13).
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Fig. 14 Adsorption isotherm of

dye adsorbed onto SnO2-80

nanoparticles

[(CR) = 20–50 mg/L, pH 7,

T = 298 K and contact time of

60 min]

Table 6 Isotherm parameters of dye adsorbed onto SnO2-80

nanoparticles for CR [(CR) = 50 mg/L, pH 7, T = 298 K and con-

tact time of 60 min]

Isotherm Temperature (298 K)

Freundlich KF (L/g) 10.67

1/n 0.94

R2 0.688

Ferror (%) 21.312

Langmuir Qmax (mg/g) 48.309

KL (L/g) 1.178

RL 0.041–0.017

R2 0.939

Ferror (%) 0.2643
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Fig. 13 Pseudo-second-order

kinetic for CR adsorption onto

SnO2-80 nanoparticles at

various adsorbent doses of

SnO2-80 sample

[(CR) = 50 mg/L, pH 7,

T = 298 K and contact time of

60 min]
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The R2 values different CR dye concentrations and

SnO2-80 adsorbent doses of the linear portions are very

high; and are close or equal to unity (0.99–1), which

strongly suggests that adsorption of the CR follow the

pseudo-second-order kinetic model the wherein the overall

rate of the adsorption process was controlled by

chemisorptions which involved valency forces through

electrons sharing between the adsorbent and adsorbate and

higher adsorption energy. There is also a very good con-

sistency between the calculated values (Qe,cal.) and the

experimental data (Qe,exp) and the low values of its Ferror

values, as displayed in Tables 4 and 5.

Adsorption isotherm

To describe the adsorption behavior of Congo red dye by

SnO2-80 nanoparticle adsorbent, we have studied

adsorption isotherms. Inset in Fig. 14 shows equilibrium

adsorption curves of CR on SnO2-80 nanoparticles at room

temperature. The adsorption of CR forms a typical Lang-

muir-type isotherm according to Giles classification system

[32]. The adsorption capacity increased sharply at lower

adsorption equilibrium dye concentration and thereafter the

increase is gradual with an increase of equilibrium dye

concentration. The maximum adsorption capacity of SnO2-

80 for CR was found to be 45.49 mg/g. Due to their

widespread applications, the Langmuir [33] and Freundlich

[34] isotherm models were applied to assess the perfor-

mance of the adsorption process of CR dye onto SnO2-80

nanoparticles.

To evaluate which model was best suited to describe

these processes, and the error function (Ferror) were ana-

lyzed; a lower result from the error function indicated a

smaller difference between adsorption capacity calculated

y = 0.0216x
R² = 0.9386
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Fig. 15 Langmuir isotherm

linearized model

[(CR) = 20–50 mg/L, pH 7,

T = 298 K and contact time of
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Table 7 Comparison of Congo

red adsorption capacities of

various adsorbents

Types of adsorbent Qmax (mg/g) References

Hydrogen peroxide treated tendu waste 134.4 [37]

Chitosan/montmorillonite nanocomposite 54.52 [38]

Metal hydroxides sludge 40 [39]

Hierarchical Ni(OH)2 nanosheets 82.9 [40]

Hierarchical NiO nanosheets 151.7

Reagent NiO nanoparticles 39.7

Ball-milled sugarcane bagasse 38.2 [41]

Magnetite nanoparticles 172.4 [42]

Fe2O3–SnO2 (Fe:Sn = 8:2) composite nanorod 182 [43]

CoFe2O4 nanocrystals 244.5 [44]

Fe3O4 149.7

NiFe2O4 97.1

MnFe2O4 92.4

Chitosan-coated magnetic iron oxide 56.66 [45]

CTAB-modified kaolin (KC) 24.46 [46]

AuNPs-coated AC 71.05 [47]

AgNPs-coated AC 64.80

Powdered eggshell 95.25 [48]

Chitosan hydrogel beads impregnated with CTAB 433.12 [49]

Surfactant-modified montmorillonite 351.0 [50]

Alternanthera bettzickiana plant powder 14.67 [51]

Activated carbon prepared from choir pith 6.72 [52]

Sugarcane bagasse 38.20 [41]

Mycelial pellets of Trametes versicolor 51.81 [53]

Soil (30 �C) 8.65 [54]

Organo-attapulgite 189.39 [55]

Burnt clay 22.86 [56]

Kaolin 5.44 [57]

Tamarind fruit shell 10.48 [58]

Water hyacinth roots 13.46 [59]

Carbon prepared from algae Valoria bryopsis 20.20 [60]

Chitosan hidrogel bead-SDS 186.02 [61]

Chitosan hydrogel beads impregnated with carbon nanotubes 450.40 [62]

Powdered eggshell 95.25 [63]

CoFe2O4 magnetic nanoparticles 200.0-212.8 [64]

activated sulfidogenic sludge 238.90 [65]

c-Fe2O3–TiO2 125 [66]

polyhedral Cu2O nanoparticles 3904 [67]

Magnetic nanoparticles Mn-ferrites (MnFe2O4). 41.99 [68]

Bis(triazole)-based 3D crystalline copper(II) MOF 656 [69]

Magnetic Ni0.5Zn0.5Fe2O4 nanopowders 40.5 [70]

Mg(OH)2 hexagonal nanosheet–graphene oxide composites 118 [71]

a-Fe2O3 253.8 [72]

Vaterite CaCO3 32.6 [73]

Hierarchical shell and hollow core structure gamma alumina (c-Al2O3) 835 [74]

SnO2 Derived from Sol-Gel method 48.31 Present work
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by the model (Qcalc) and the experimental (Qexp). Ferror can

be expressed according to Eq. (8) [35]:

Ferror ¼
X

P

i¼0

ðQi;calc � Qi;exp

Qi;exp

Þ2 ð8Þ

where Qi,calc is a value of Q predicted by the fitted model;

Qi,exp is a value of q measured experimentally; i indicates

the values of the initial dye concentration of the experi-

ments (20, 30, 40 and 50 mg/L); and P is the number of

experiments performed.

The Freundlich isotherm is an empiric equation

employed to describe heterogenous systems. The loga-

rithmic form of the Freundlich equation Eq. (9) is:

LnQe ¼ LnKF þ 1

n
LnCe ð9Þ

where KF and 1/n are Freundlich adsorption isotherm

constants (L/mg), being indicative of the extent of the

adsorption and the degree of nonlinearity between solution

concentration and adsorption [the adsorption process to be

linear (n = 1), chemical (n\ 1) and favorable physical

process (n[ 1)], respectively. Therefore KF and 1/n were

calculated from the plots of LnQe against LnCe. These

values, along with r and Ferror, are shown in Table 6.

The Langmuir adsorption isotherm assumes that

adsorption takes place at specific homogeneous sites within

the adsorbent and has found successful application in many

adsorption processes of monolayer adsorption. The linear

form of the Langmuir isotherm equation is represented by

the following equation Eq. (10):

Ce

Qe
¼ 1

KLQmax

þ Ce

Qmax

ð10Þ

where Qmax (mg/g) is the maximum amount of the dye per

unit weight of SnO2-80 nanoparticles to form a complete

monolayer coverage on the surface bound at high equilib-

rium dye concentration Ce (mg/L) and KL (L/g) is the

Langmuir constant related to the affinity of binding sites. A

plot of Ce/Qe versus Ce leads to a straight line with the

slope of 1/Qmax and an intercept of 1/Qmax KL.

The essential characteristics of Langmuir isotherm can

be expressed by a dimensionless constant called equilib-

rium parameter RL that is defined by the following equation

Eq. (11):

RL ¼ 1

ð1 � KLC0Þ
ð11Þ

where KL and C0 are the same as defined before. The value

of RL calculated from the above expression. The nature of

the adsorption process to be either unfavorable (RL[ 1),

linear (RL = 1), favourable (0\RL\ 1) or irreversible

(RL = 0).

Figures 15 and 16, show the plot of the experimental

data based on Langmuir and Freundlich isotherm models,

respectively. Table 2 depicts the calculated values of

Langmuir and Freundlich model’s parameters. Based on

the regression coefficients (R2) of the linearized form of

both equations and their errors function (Ferror), the

Langmuir model yields a better fit for the experimental

equilibrium adsorption data than the Freundlich model. The

high fit to the Langmuir model suggests that the adsorption

is limited with monolayer coverage. All the RL-values for

the adsorption of CR onto SnO2-80 nanoparticles are in the

range of 0–1, suggesting that the adsorption is favorable

under the conditions proposed by the Langmuir model. The

R2 value is greater than 0.93, its Ferror is lower than 0.27,

thus, lower than the one obtained for the Freundlich model.

The maximum adsorption capacity of SnO2-80 nanoparti-

cles for CR calculated from the Langmuir isotherm model

was 48.31 mg/g. Thus, these data suggest that Langmuir

isotherm model was suitably fitted [36].

According to Langmuir isotherm model, the maximum

adsorption capacity (Oexp) for the adsorption of CR on

SnO2 is found to be 48.31 mg/g. The maximum adsorption

capacity (Omax) for the adsorption of CR on SnO2

nanoparticles compared to other adsorbents is listed in

Table 7. It can be seen that adsorption capacity varies and

depends on the properties of the individual adsorbent, the

extent of surface/surface modification, the initial concen-

tration of the adsorbate, range of molecular size fraction of

Fig. 17 Schematic illustration of CR dye removal process
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adsorbate and degree of ionization per unit weight of

adsorbate. It is observed also that the prepared SnO2-80

nanoparticles are an efficient adsorbent for adsorption of

Congo red from aqueous solution.

Discussion of mechanism

The surface chemistry of the adsorbents plays a major role

in the adsorption. The particles of SnC2O4 are roughly in

elongated prisms shape with average particle size of

10 lm. The oxygen content of the surface is about 80 %

giving a O (at%)/Sn (at%) ration of approximately 4:1, the

stoichiometry of SnC2O4. The large number and array of

different functional groups on the SnC2O4 surfaces (e.g.,

oxygenic and carbonyl) implied the existence of many

types of adsorbent–solute interaction. As shown in Fig. 17,

the adsorption of the azo dye on SnC2O4 layer is favored,

mainly due to the electrostatic interaction between the

Sn2? center and the electron rich nitrogen atoms of CR

moiety [75]. Additionally, SnC2O4 nanoparticles can cap-

ture more dye molecules via the formation of hydrogen

bond [68].

Conclusion

In Summary, the nanoparticles SnO2 have been success-

fully synthesized via a sol-gel method. The as-prepared

SnO2 was characterized using a number of techniques such

as thermogravimetric analysis coupled with mass spec-

troscopy (TG-SM), X-ray diffraction (XRD) and scanning

electron microscope (SEM). Batch experiments were car-

ried out to study the adsorption kinetics of Congo red azo

dye, as probe pollutant, on SnO2. The effect of varying

parameters such as contact time, initial dye concentration

and adsorbent dose on the adsorption process was inves-

tigated. The results showed that the SnO2 catalysts have

high crystallinity with tetragonal rutile structure and

average particle size about 13–23 nm. The untreated

sample SnO2-80 exhibited high efficiency (84.41 %) after

60 min of exposure time, which was 2 times as much as

that of SnO2-450 sample. Experimental kinetic data were

satisfactory correlated with the pseudo-second-order

kinetic model, with highest correlation coefficients

(R2 C 0.99). The formation of hydrogen bond and the

electrostatic interaction between the Sn2? center and the

electron rich nitrogen atoms of CR moiety were believed to

be was the main adsorption mechanism. Regarding the

adsorption equilibrium, the experimental results suggest

that the Langmuir model was applicable. The obtained

SnO2 is a promising candidate for potential application in

organic pollutant uptake from contaminated water sources.
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