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5. SELECTIVE ADSORPTION OF DYE POLLUTANTS FROM THEIR
MIXTURE USING SnO2 NANOSTRUCTURES

In this chapter of the thesis, we have discussed the results of selective adsorption of two
tin dioxide (SnO2 NP and SnO2 NS) nanostructures synthesized via a simple template-
free solvothermal route. The results of activity measurement of the nanostructures
toward the selective adsorption of organic dye pollutants such as Congo red (CR) and
rhodamine B (RhB) from their mixed aqueous solution have been discussed. Figure 5.1
represents the molecular structure of the respective dyes, viz., Congo red and rhodamine
B.
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Figure 5.1 Molecular structures of (a) Congo red and (b) Rhodamine B.
5.1  Prologue

Water is essential for all living things to exist. However, pollution of aquatic
environment by various contaminants over the decades has led to a serious global
problem. Therefore, researchers have focused on the treatment of such water
contaminants [1, 2]. In this context, dye represents a common polluting substance that
has gradually become the major source of water pollution [3, 4]. Concomitantly, the
demand for such dyes has been increasing in various industries such as textiles, leather,
cosmetics and so forth [4, 5]. Therefore, removal of dye contaminants from wastewater
before disposal into water bodies has become a critical issue [2]. Different treatment
technologies that have been developed so far for the removal of dye pollutants include
adsorption, photodegradation, reduction, membrane filtration, chemical coagulation and
so on [6-9]. However, owing to its simplicity and high efficiency with no secondary
pollution, adsorption is the most preferred approach among others [10-12]. Hence,

significant effort has been made by researchers to find out new adsorbent materials with
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better efficiency. Among the various adsorbents, activated carbon is one of the most
effective adsorbents for purification of wastewater owing to its significantly high surface
area and porous nature [12-14]. However, certain limitations associated with this
material are high cost, complex and expensive synthesis procedure and long removal
time with low selectivity which make it economically infeasible [15]. To overcome these
limitations, it is essential to prepare other cost-effective materials having high selectivity.
Hence, SnO. nanostructures with different morphologies are employed for selective
adsorption of such organic dye pollutants. The details on the properties of SnO> are
briefly described in Chapter 1. Also, the synthetic procedures for the SnO2 nanostructures

and their characterization techniques are described in Chapter 2.

5.2 Results and discussion
5.2.1 Characterization

The complete characterizations of the SnO. nanostructures, viz., SnO> NP and

SnO2 NS are described in Section 3B and 3C of Chapter 3, respectively.

5.2.2 Selective adsorption study by SnO, nanostructures
5.2.2.1 Effect of contact time

The adsorption equilibrium studies for the mixture of the dyes, Congo red (CR)
and rhodamine B (RhB) are carried out at room temperature at pH 3.0 and 7.0,
respectively. The effect of contact time is investigated in order to identify the minimum
time needed for adsorption to attain steady state. As shown in Figure 5.2, the adsorption
capacities of the SnO, nanostructures increase rapidly within the first 20 min and then
proceed slowly until the steady state is reached within 60 min, indicating very quick
adsorption of both the dyes onto the SnO- surfaces. After 60 min, the value of adsorption
capacity, ge did not change. Therefore, 60 min is determined as the contact time for
further adsorption studies of the mixture of both dyes. At pH 3.0, the values of ge for the
adsorption of CR are 15.40 and 12.80 mgg*, whereas at pH 7.0 the values are 13.27 and
11.40 mgg* due to the adsorption of RhB onto SnO, NS and SnO NP, respectively. The
results show that the SnO> NS exhibit higher adsorption activities than SnO> NP for the
adsorption of both dyes, indicating SnO2 NS as a better adsorbent material.
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Figure 5.2 Effect of contact time on adsorption capacity at pH 3.0 & 7.0 at 497 & 554
nm onto SnO2 nanostructures for CR and RhB, respectively. Conditions: amount of
mixed dye solution = 20 mL, concentration of dye solution = 3 mgL™ and amount of

catalyst = 3 mg.
5.2.2.2 Adsorption kinetics

To investigate the adsorption kinetics of CR and RhB on the SnO:
nanostructures, two conventional kinetic models, viz., pseudo-first order and pseudo-
second order kinetic models, are applied. The pseudo-first order (equation 5.1) and

pseudo-second order (equation 5.2) kinetic models can be expressed as

log(q. — q;) = logq. — k.t/2.303 ... (5.1)

t 1 t
— = — 5.2
qc  k2q2 + de (5-2)

where,
de (Mmgg™) and g: (mgg™) are the adsorption capacity at equilibrium and at time
t, respectively,
ki (min) is the pseudo-first order rate constant, and
k2 (gmg*min) is the pseudo-second order rate constant
The values of ki, k2 and ge can be calculated from the slope and intercept of the linear

plots of log(ge—qt) and t/q: against t, respectively [17].

The kinetic parameters along with the correlation coefficients (R?) are summarized

in Table 5.1 and the kinetics models are shown in Figure 5.3. It is observed that R? values
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Table 5.1 Kinetics parameters for the adsorption of CR at pH 3.0 and RhB at pH 7.0 onto

SnO2 nanostructures.?

Pseudo-1% order kinetics

Pseudo-2" order kinetics

Catalyst Dye pH Geexp ki Qe cal R? k2 (Mg Gecal R?
(mgg™) (mint) (mgg™) min™) (mgg™)

SnO» CR 3.0 15.40 0.09 3.83 0.88 0.12 15.58 0.99
NS

RhB 7.0 13.27 0.09 3.54 0.89 0.12 13.45 0.99
SnO2 CR 3.0 1280 0.09 3.84 0.91 0.11 12.97 0.98
NP

RhB 7.0 11.40 0.09 3.72 0.91 0.10 11.51 0.99

4Conditions: amount of mixed dye solution = 20 mL, concentration of dye solution = 3

mgL and amount of catalyst = 3 mg.
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Figure 5.3 Pseudo-first order and pseudo-second order kinetics model for adsorption of
CR-RhB mixed dye solution onto SnO2 NS (a, b) and SnO2 NP (c, d), respectively.
Conditions: amount of mixed dye solution = 20 mL, concentration of dye solution = 3

mgL and amount of catalyst = 3 mg.
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for the pseudo-second order kinetic model at pH 3.0 and 7.0 are closer to unity than for
the pseudo-first order model. Furthermore, the values of experimental adsorption capacity
(Qeexp) at both pH of the pseudo-second order kinetic model are much closer to the
calculated adsorption capacity (Qeca) than for the pseudo-first order model. These
observations suggest that the pseudo-second order kinetic model fits well for the

adsorption of CR and RhB onto SnO- surfaces surfaces at pH 3.0 and 7.0, respectively.
5.2.2.3 Adsorption isotherms

The adsorption isotherms provide information on the adsorption capacity of
adsorbent and the interaction between the absorbent (SnO. nanostructures) and the
adsorbate (CR and RhB dyes) when the adsorption reaches equilibrium. Two models,
Langmuir and Freundlich models are considered to investigate the representative dyes
(CR and RhB) adsorption onto SnO; surface. According to the Langmuir model, there is
no interaction between adsorbed molecules and adsorption can occur over homogeneous
adsorbent surface sites, i.e., all sorption sites are identical and energetically equivalent
[18, 19]. However, Freundlich isotherm describes non ideal adsorption or adsorption
over heterogeneous surface system with inconsistent sorption heat distribution. The
linearized forms of the Langmuir (equation 5.3) and Freundlich (equation 5.4) adsorption

isotherms are expressed as
Ce
e

Inq, = (%) InC, + InK, ... (5.4)

= qc—m +1/qnK, (5.3)

where,

C. denotes the equilibrium concentration (mgL™) of dye,
de (mgg™) and gm (Mgg™) correspond to equilibrium and maximum adsorption
capacity of the adsorbent, and

KL and Kk are the Langmuir and Freundlich constants.

The values of gm and K. can be obtained from the slope and intercept of the linear plot of
Ce/ge versus Ce. The values of Kr and n can be calculated from the intercept and slope of
the linear plot of In ge against In Ce. n denotes the adsorption intensity where n > 1 is

indicative of a favorable condition for adsorption. Both the isotherm models at pH 3.0
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and 7.0 based on the experimental studies are presented in Figure 5.4 and 5.5 and the

relative parameters as well as correlation coefficients are reported in Table 5.2.
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Figure 5.4 Langmuir and Freundlich adsorption isotherm model for adsorption of CR-
RhB mixed dye solution onto SnO> NS at pH 3.0 (a, b) and 7.0 (c, d), respectively.
Conditions: amount of mixed dye solution = 20 mL and amount of catalyst = 3 mg.

Table 5.2 Isotherm parameters for the adsorption of CR and RhB by SnO2 nanocatalysts
at pH 3.0 & 7.0, respectively.?

Langmuir Isotherm Freundlich Isotherm
Catalyst Dye pH  gm KL R? Kr n R?
(mgg™) (Lmg™)
SnONS CR 30 8636 0.10 029 7.99 139 094
RhB 7.0 462.96 0.03 050 13.23 1.02 0.99
SnO NP CR 3.0 5504 011 0.71 5.78 133 095
RhB 7.0 43478 0.02 028 931 1.02 098

8Conditions: amount of mixed dye solution = 20 mL and amount of catalyst = 3 mg.

A better fit of the Freundlich isotherm in all the cases reveals that an adsorption over

heterogeneous surface system has taken place for the present study.
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Figure 5.5 Langmuir and Freundlich adsorption isotherm model for adsorption of CR-
RhB mixed dye solution onto SnO> NP at pH 3.0 (a, b) and 7.0 (c, d), respectively.

Conditions: amount of mixed dye solution = 20 mL and amount of catalyst = 3 mg.
5.2.2.4 Effect of pH

The pH of solution is one of the most significant parameters in defining an
adsorbent’s adsorption characteristics since it can alter the net charge on the adsorbent as
well as the adsorbate [20-22]. Figure 5.6 displays the effect of pH of the solution on the
adsorption of CR—RhB mixture onto SnO. nanostructures in the pH range 2.0-11.0.
After adsorption, the dye concentration at different pH values is measured using UV-
visible spectrophotometer at two different wavelengths, viz., 497 (Amax Of CR) and 554
(Amax Oof RhB) nm. At 497 nm, the adsorption capacity of SnO. nanostructures is
increasing in acidic medium and reaches maximum at pH = 3.0, thereafter remain
constant, which is similar to previously reported result for removal of anionic dyes [20].
It is important to note that the initial pH value of the mixture of the dyes solution is ~7.0
(neutral). At 554 nm, it is observed that adsorption capacity of SnO2 nanocatalysts in
basic medium almost remain constant up to pH=7, whereas in acidic medium, the
adsorption capacity declined sharply. Therefore, we did not alter the pH of the mixture of

dyes solution for removal of RhB. However, the adsorption capacity of SnO:
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nanocatalysts for removal of cationic dye not increasing constantly with increasing pH
cannot be explained accurately by the electrostatic interaction of RhB, a cationic dye
with the adsorbate’s surface [21]. Therefore, other mechanism such as electron-donor-
acceptor interaction and pore-filling may be favorable for the removal of RhB [22].
Finally, the results suggest that the adsorbent can significantly remove CR at pH 3.0

whereas it can remove RhB at pH 7.0 from the mixture of CR—RhB solution.
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Figure 5.6 Effect of pH on adsorption of CR-RhB mixed dye solution at 497 and 554 nm

onto SnO: nanostructures. Conditions: amount of mixed dye solution = 20 mL,
concentration of dye solution = 3 mgL™! and amount of catalyst = 3 mg.

5.2.2.5 Adsorption mechanism

To understand the adsorption phenomenon to a deeper extent, FTIR analysis are
performed for the SnO, samples before and after CR-RhB adsorption (Figure 3B.1a and
Figure A.2a & A.9 of Appendix). The spectra of the oxide samples show some
remarkable changes after adsorption of both dyes onto its surface. Apart from the parent
peaks of SnOz, some new peaks are located at 1120.6, 1365.4 and 1607.4 cm
corresponding to CH3, C—N and N=N groups of both the dyes. The peaks at 816.4 and
868.5 cm™ corresponding to C—H bond of substituted benzene ring has been observed in
case of CR-RhB adsorbed SnO> samples [23]. This indicates that CR and RhB dyes are
successfully adsorbed onto the surface of the SnO2 samples during the adsorption.

Again, oxide surfaces are usually covered with hydroxyl groups (acid and base)
generated via the dissociative chemisorption of H,O molecules [24]. It is known that a

base hydroxyl group gets protonated, resulting in a positive site, SnOH," (equation 5.5)
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= SnOH(b) + H,0 ~ z=———> =SnOH; +OH"

wherein R—SO® and CI™ are electrostatically adsorbed from CR and RhB, respectively.
Again, an acid hydroxyl group gets dissociated into an H* ion and results in a negative
site, SnO  (equation 5.6) to which R—N" and Na" are electrostatically adsorbed from
= SnOH(a) z———> =Sn0" +H" ..... (5.6)

RhB and CR, respectively. However, equation 5.6 is constrained at pH 3.0 because of the
acidic property of catalytic system and at the same time the reaction 5.5 is favoured [27].
Similarly, equation 5.6 is comparably favoured at pH 7.0 than the reaction 5.5 and other
mechanism like Lewis acid-base and pore-filling can also be beneficial for the adsorption
of RhB [25]. Therefore, the adsorption of CR onto the nanostructures is favored at pH
3.0, whereas RhB at pH 7.0. However, some extent of adsorption of CR and RhB occur
at pH 7.0 and 3.0, respectively on account of the interaction of oxygen and nitrogen
atoms in the R—SO3 ions (of CR) and R—N* ions (of RhB) with Sn** cations through a
weak Lewis acid—base reaction [24, 25]. Consequently, the SnO. nanocatalysts can
remarkably remove CR and RhB at pH 3.0 and 7.0, respectively, which is also confirmed
by the results obtained in Figure 5.5.

5.2.2.6 Reusability test

Regeneration/reusability of adsorbent material is a vital aspect for practical
applications. To check the reusability of the synthesized SnO, adsorbents, five
consecutive adsorption—desorption cycles are performed at pH 3.0 and 7.0 onto SnO2 NS

and presented in Figure 5.7. It is observed that even after five consecutive cycles, the
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Figure 5.7 Removal efficiencies of CR and RhB at pH 3.0 & 7.0 onto SnO2 NS in
different cycles. Conditions: amount of mixed dye solution = 20 mL, concentration of

dye solution = 3 mgL™! and amount of catalyst = 3 mg.
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removal percentage of CR and RhB from the mixed aqueous solution remains unaltered.
The removal percentages of CR and RhB at the 1st adsorption—desorption cycle are
67.69 and 52.2 %, whereas after the 5th cycle, the values are 67.43 and 51.95 %,
respectively. These results indicate potential adsorption capacity of the SnO2 NS
adsorbent with good reusability.

In summary, we have successfully synthesized SnO, nanocatalysts via a simple
solvothermal route. Their adsorption capacities are investigated systematically towards
the removal of CR and RhB dye selectively from their aqueous mixture. Based on the
alterations of reaction parameter during the synthesis process, the surface morphology
and property of the SnO> are changed. Therefore, they show diverse activities for the
adsorption process. Moreover, the adsorption capacities of the synthesized adsorbents
depend on the pH of the dye solution. At pH 3.0, it significantly removes CR (~68 %
removal efficiency) owing to the interactions between the base hydroxyl group of tin
dioxide and R—SOz ions of CR, while at pH 7.0, it selectively removes RhB up to
almost 52% due to the electrostatic and electron-donor-acceptor interaction between the
acid hydroxyl group of tin dioxide and R— N* ions of RhB. Therefore, the SnO;
nanostructures can be considered as potential adsorbent for the removal of dye pollutants
owing to their easy method of preparation with remarkable selectivity and reusability

towards the selective dye adsorption.
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