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Polymeric nanocomposite hydrogels were developed from a hydrophilic natural polymer, sodium alginate (SA)
with black nano crystalline titania (black TiO2) by using ionic cross linker CaCly, in view of the possible
enhancement in properties of SA towards water treatment application. The optimum conditions for the prepa-
ration of films were done by varying the amount of cross-linking agent, cross-linking time and the amount of
black nano crystalline TiO,. The nanocomposite hydrogels were then characterized by X-ray diffraction studies
(XRD), fourier transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA). The surface
morphologies of the nanocomposite have been examined by using scanning electron microscopy (SEM). The
swelling studies and its kinetics have been investigated under diverse P! conditions. Permeability of the gels
were assessed in terms of film characteristics and P'. The results proved that the gels exhibit P* sensitivity. Based
on the results, we have proposed a possible mechanism of water transport through the gels. The developed SA/
black TiO; nanocomposite hydrogels have been successfully employed for the efficient degradation organic dyes
such as methylene blue and malachite green. The experimental results of dye degradation studies have been
compared with theoretical models and it has been observed that the dye degradation follows pseudo second
order kinetics for both methylene blue and malachite green. By altering the P!, the nanocomposite hydrogels can
be broken and spent TiO; can be recovered.

1. Introduction

Hydrogels constitute a category of soft materials, having excellent
water retention characteristics, have now been extensively employed in
various sectors viz; medical, pharmaceutical, agricultural and industrial
fields, owing to their intelligent and elastic features [1-6]. Among them,
stimuli responsive hydrogels form a distinct group of hydrogels, which
undergoes physical or chemical changes with respect to external stimuli
viz; PH, temperature, ionic strength, light, electric and magnetic field.
Extensive research programs are being going on the fabrication of such
hydrogels, exclusively for pharmaceutical and biomedical applications
[7-13]. The physical properties of polymers can be improved and new

* Corresponding author.
** Corresponding author.

features can be implemented, by adding suitable inorganic nanoparticles
within the matrix. It has been reported that, by the judicious selection of
the nanoparticles and the polymers, it may possible to achieve multiple
stimuli responsive features, owing to the synergy between the nano-
particles and the polymer networks [14-17].

Excellent literature reports are available, based on the reinforcement
of a wide range of polymer matrices by a variety of nanoparticles such as
ceramic, metal-metal oxide and carbon-based nanoparticles, via various
synthesis strategies [18-21]. The nanocomposite hydrogels have been
observed to exhibit outstanding stability compared to virgin hydrogels,
owing to the interaction amongst the nanoparticles and the polymers
through van der Waals interactions, hydrogen bonds and electrostatic
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interactions. So far, the synthesis strategies adopted for the development
of nanocomposite polymer hydrogels include insitu polymerisation,
insitu growth of the nanoparticles and physical mixing [22,23]. Insitu
polymerisation has been reported to be suitable for the nanoparticles
having surface polar groups such as -COOH, NH,, -OH groups etc [24].
The insitu growth method of polymerisation may be appropriate for the
nanoparticles with intrinsic functions, but hardly surface modified.
Physical mixing is the simplest synthesis route to develop polymer
nanocomposite hydrogels by merely mixing the partners [25,26].
Preparation of nanocomposite hydrogels, based on natural polymers are
highly interesting, owing to its bioactivity and biodegradability
[27-29].

Metal oxide nanoparticles can be effectively incorporated into
polymeric matrices for waste water treatment with high efficiency. By
doing so, the problems associated with metal oxides such as particle
aggregations can be minimised and selectivity, adsorption capacity etc
can be tuned. Various strategies have been employed to eliminate/
reduce pollutants from aquatic environment via biosorption, adsorption,
chemical precipitation, ion exchange, reverse osmosis etc. Among them,
adsorption has gained special attention owing to the simple working
principle and relatively low cost. The selectivity and sensitivity of
adsorbent is very important; low selectivity and sensitivity cause the
usage of large amount of adsorbent, leads to problems such as accu-
mulation with a high level of pollutant content which is difficult to
regenerate [30-32]. Table 1 shows a comparison of the performance of
metal oxide-based nanocomposite hydrogels for the removal of

Table 1
A comparison of performance of metal oxide-based nanocomposite hydrogels for
the removal of contaminants from waste water.

No  Metal oxide Pollutant Experimental Adsorption Ref
hydrogel conditions capacity
(mg/g)
1 MnO,-porous Cu(ll) Temperature: 84.76 [33]
polyacrylamide Pb(I1) RT 70.90
Time: 72 h
P": 6 and 4
2 MnO,@reduced Pb(Il) Temperature: 356.37 [34]
graphene oxide RT
hydrogel Time: 12 h
P 5
3 Chitosan/poly Pb(I1) Temperature: 116.8 [35]
(vinyl alcohol)/ 323 K
CuO Time: 60 min
p: 5
4 Al,03/GO Fluoride Temperature: 5.34 [36]
Cellulose 303K
Time: 120 min
p:5
5 ZnO/Alginate Methylene Temperature: 2.543 [37]
blue 323K
Time: 90 min
Pt 7
6 ZnO-clay/Alginate Congo red Temperature: 546.89 [38]
303 K
Time: 120 min
7 ZnO/Chitosan Reactive Temperature: 189.44 [39]
black 313K
Time: 360 min
Pt 4
8 Sodium alginate Methylene Temperature: 1529.6 [40]
poly(acrylic acid) blue 303K
@ZnO Time: 40 min
P 6
9 ZnO/gum arabic Malachite Temperature: 766.52 [41]
grafted Green RT
polyacrylamide Time: 60 min
pH: 7
10  Xanthan gum Methylene Temperature: 212.8 [42]

grafted poly blue RT
(acrylic acid-co- Time: 70 min
itaconic acid)/ZnO
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contaminants from waste water.

Sodium alginate, a naturally occurring polymer, one of the important
members of polysaccharide family, has been employed for the removal
of metal ions, dyes and emerging contaminants in water [43]. They are
characterised by environment friendly nature, greater extent of
adsorption capacity, biodegradability and easiness in availability. The
structure of alginate is very suitable for the uptake of metal ions via ion
exchange between the cross-linking cation and the pollutant [44]. Their
structure consists of a linear block copolymer of 1,4-linked g-p-man-
nuronic acid and a-1-guluronic acid [45]. The addition of divalent cat-
ions such as Ca?* ions into SA results in gel formation. Even though SA
hydrogels are being employed for water purification, the undesirable
mechanical properties, thermal stability and hydrophilicity limits their
application. The functional properties of alginates may be improved by
composite fabrication with a suitable partner [46].

TiO4 is biocompatible, chemically stable, non-toxic and possesses
excellent mechanical properties. Literature reports reveal that the
incorporation of TiOy nanoparticles into different polysaccharide
matrices had a positive impact on the mechanical, thermal and physi-
cochemical properties [47]. The discovery of black titania has triggered
worldwide scientific interest. They are characterised by structural
modification involving self-doped Ti®*/oxygen vacancy or incorpora-
tion of H doping. Because of these modifications, electronic, crystal and
surface features have been significantly altered. To utilize the
visible-light solar energy to meet environmental and energy crises, black
TiO4 as a photocatalyst is an excellent solution to clean polluted water.
Black TiO; nanomaterials can absorb the entire portion of sunlight
(consists of 5% UV, 43% visible and 52% of infrared radiations) and can
be used for industrial waste water treatment [48]. Enhancing the optical
absorption characteristics of TiO, and change of energy level and
band-gap of materials can improve their photocatalytic activities [49].
Photocatalysis is frequently utilized to eliminate the organic pigments in
water contaminated with dyes by advanced oxidation process [50].
Organic compounds undergo decomposition by reaction with photo-
active material in presence of light to give CO5 and H0O as the final
product [51]. The main characteristics of advanced oxidation process
are the production of oxidant species like hydroxyl radical. They have
high oxidation power and a potential of 2.8 V, have a significant re-
sponsibility in the destruction of organic compounds [52]. The tech-
nique has unique advantages such as low energy consumption, high
removal efficiency and limited chemical treatment [53-55]. The
development of a nanocomposite photocatalyst with high performance
under UV and visible light has attracted considerable attention [56,57].

The present work focuses on the development and characterisation of
a nanocomposite hydrogel, by using SA and black nano crystalline TiOo,
cross linked by CaCly, in view of possible enhancement in properties of
SA for water treatment applications, by making use of the adsorption
characteristics of SA and photocatalytic activity of black TiO9. There are
no literature reports available on the synthesis of SA/black TiO3 nano-
composite hydrogels. In view of this, SA/black TiO2 nanocomposite
hydrogels have been prepared and the influence of parameters such as
amount of cross linker, cross linking time and the amount of black TiO,
on the swelling features have been studied. By combining the dynamic
swelling results and the films characteristics, possible mechanism of
water transport through the developed SA/black TiO2 nanocomposite
hydrogels have been proposed. Dye degradation and release studies
have been carried out by using methylene blue and malachite green as
model dyes.

2. Experimental
2.1. Materials
Titanium (IV) butoxide (97%, Sigma-Aldrich), isopropanol (AR,

Sigma-Aldrich), and manganese acetate tetrahydrate (AR, Merck, India)
were used for black TiO synthesis. Sodium alginate (SA), calcium
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chloride, potassium hydrogen phthalate, potassium dihydrogen ortho-
phosphate, disodium hydrogen orthophosphate dihydrate and hydro-
chloric acid were procured from S.D. Fine Chemicals, Mumbai, India for
the synthesis of polymer. Doubly distilled water was used in the prep-
aration of the films and for the swelling studies.

2.2. Preparation of black titania

The black TiO, is synthesized by using a modified method as re-
ported earlier [58]. In a typical procedure, titanium butoxide (6.8 g) was
dissolved completely in isopropanol (purity>99.5%, 100 mL) under
room temperature, by using a magnetic stirrer. 5 mL of 0.02 M man-
ganese acetate solution was then added to it for hydrolysis and doping.
The reaction mixture was stirred for 30 min at room temperature, fol-
lowed by microwave irradiation for 5 min at 150 °C at 700 W power by
using Anton Paar monowave-300 microwave synthesis reactor. The
resulting mixture was then cooled to room temperature. A flow chart of
synthesis strategy has been shown as Fig. 1.

2.3. Preparation of SA/black titania hydrogels

Aqueous solutions of sodium alginate (SA, 4% (w/v)) were initially
prepared by stirring calculated amount of SA for 3 h at room tempera-
ture. In order to prepare sodium alginate (SA)/black TiO2 nano-
composites, varying amounts of black TiO5 nanoparticles were added to
SA solution, followed by stirring for 4 h to get a homogeneous mixture.
5 mL of this solution was poured on a glass plate and solvent evaporation
has been carried out at 60 °C to obtain films of average thickness 0.2
mm. The films were then immersed in the crosslinking medium of CaCl,
solution of varying concentration (Table 2). After a definite time period,
the samples were taken out from the solution and washed with distilled
water to remove excess CaCly solution adhering on the surfaces. The
films were then vacuum dried at 40 °C and stored in a desiccator. The P,
cross linking time and the amount of cross linkers are varied to study the
effect on polymerisation and quality of the polymer films. A schematic
presentation of synthesis of SA/black TiOy system has been shown as
Fig. 2 and sample formulations and preparation conditions have been
shown as Table 2.

2.3.1. Characterisation of the SA/black TiO2 nanocomposite films

The black TiO, and SA/black titania nanocomposite films were
characterised by using XRD, FTIR and thermal analysis. The morphology
of the nanocomposites was studied by using SEM. XRD patterns were

Titanium butoxide [Ti(OBu)a] ( Isopropanol
(6.8¢g) ) (100 ml)

Manganese acetate [Mn(CH;COO),] (5 ml)

1. Stirring (30 min)
2. Microwaveirradiation (5 min, 150 °C)

Black Titania

Fig. 1. Schematic presentation of synthesis of black titania.
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Table 2
Sample formulations and preparation conditions of SA/black TiO, systems.
Sample SA% TiO2% (w/  CaCl, Time Gel content
Code (w/v) v) (molar) (min) (%)
SATO 4 0 0.1 30 86.1
SAT1 4 0.02 0.1 30 88.5
SAT2 4 0.2 0.1 30 82.2
SAT3 4 2 0.1 30 79.5
SAT4 4 0.2 0.05 30 82.5
SATS 4 0.2 0.5 30 84.9
SAT6 4 0.2 0.1 10 82.2
SAT7 4 0.2 0.1 60 85.5

recorded in the diffraction angle range of 20-80°, by using Rigaku
diffractometer. FTIR studies were done by using Jasco FTIR-4100
spectrophotometer and morphology by SEM Hitachi S-4800. Thermal
analyses were carried out at a temperature range of 35-400 °C, at a
heating rate of 20 °C/min, by using PerkinElmer STA 6000 thermal
analyzer.

2.3.2. Swelling studies

Swelling studies of SA/black TiO2 nanocomposite gels have been
carried out at different P viz; 1.2, 4, 7 and 9.0. The dried, pre weighed
samples were immersed in the chosen medium, at room temperature.
The films were then removed from the buffered medium after a definite
time interval. The liquid drops that adhering on the film surfaces were
wiped by using blotting papers and weight increase has been monitored
by means of an electronic balance of accuracy +0.1 mg (Shimadzu
ATX224, Japan). The process has been repeated until the films attained
an equilibrium swelling. The degree of swelling (S) has been determined
by using the equation [11-13]:

Wt — Wo

Swelling(%) = Wo
(

X 100 (€]
where W, and W, being the weights of the dry and swollen gels,
respectively. The percentage (%) equilibrium water content (% EWC)
which is defined as the quantity of water that a swollen gel can hold at
equilibrium has been evaluated by using the equation:

M X 100 )
We

EWC(%) =
where W, is the equilibrium weight of the gel. Swelling measurements
were triplicated and standard deviations have been incorporated for the
figures.

2.3.3. Dye degradation studies

The dye degradation studies were carried out by using SA/black TiO3
nanocomposite hydrogel granules. Methylene blue and malachite green
were used as the model dyes and the measurements were done at Amax
664 nm for methylene blue and 617 nm for malachite green (concen-
tration = 5.85 x 107> M). To a definite volume of the dye solution, pre
weighed nanocomposite hydrogel granules were added and stirred.
After certain intervals of time, a small quantity of sample was taken and
optical density was measured to obtain the dye concentration at that
time (C). The amount of dye adsorbed per unit mass of adsorbent at
equilibrium (qe) and the amount of dye adsorbed at a time t (q;) were
calculated by using the following equations [38,39]:

(Co — Ce)xV

(Je = 7\&’ (3)
C, — C)xV
4= ( W ) 4

where C, and C. are the initial and equilibrium concentrations of the dye
solution (mg/L) respectively; V is the volume of the dye solution and W
is the weight of the adsorbent. The removal efficiency (%) has been
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Solvent evaporatio
Films

1. CaClz
2. Drying

SA/Black TiO2 hydrogel

Egg box junction of Ca*2ionsin
polyguluronate blocks

Fig. 2. Schematic presentation of synthesis of SA/black titania nanocomposites (Sample formulations and preparation conditions have been given in Table 2).

determined using the equation:

R% = %xloo (5)

o

3. Results and discussion

The XRD patterns of pure SA and SA/black TiO nanocomposites
have been shown as Fig. 3. The peaks highlighted in XRD pattern of SA/
black TiO5 nanocomposite (Fig. 3(b)) indicates effective incorporation
of black TiO; in the SA matrix.

Fig. 4 shows the FTIR spectrum of SA and SA/black TiO, nano-
composites. It has been shown that the FTIR spectrum of the nano-
composite film exhibits a broad band at 3400 cm ™! owing to the merging

[ ] ® SA
m Black TiO2

Intensity (A. U)

(a)

y T y T 4 T 2 T g 1
20 30 40 50 60 70

20 (degree)

Fig. 3. XRD patterns of (a): SA and (b): SA/black TiO, nanocomposites.

—— SATO
— SAT1
—
< —— SAT2
) 1 L 1 ) 1 L 1 . 1 N 1 . 1
4000 3500 3000 2500 2000 1500 1000 500

Wave length (cm™)

Fig. 4. The FTIR spectra of SA and SA/black TiO, nanocomposites.

of stretching vibration of ~-OH groups in mannuronate and guluronate
units of SA and stretching vibrations of Ti-O-Ti in TiOz. As the amount
of black TiO; increases, the intensity of the peak has been observed to be
increased. The C-O-C stretching vibrations of SA have been observed at
1030 cm™! and Ti-O-Ti stretching mode of vibrations at 1416 cm™!
[59].

The thermogravimetric analysis (Fig. 5) showed that the alginate
degradation occurs by three steps. During the first stage, at a tempera-
ture below 200 °C, the associated water molecules has been removed,
owing to the dehydration process and breaking of glycosidic linkages.
Second stage of degradation occurs at a temperature range of
200-280 °C, in which alginate skeleton undergoes fracturing. When the
temperature further increases, the carboxylate groups undergo
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Fig. 5. The TGA curves of pure SA and SA/black TiO, nanocomposites.
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degradation and releases CO5. The complete decomposition of alginate
occurs at 265 °C. The decomposition temperature of the alginate has
been increased upon the incorporation of TiOs nanoparticles in the
matrix (280 °C).

Fig. 6 shows SEM images of pure SA and SA/black TiOy systems
(Magnification: 2500 ). SEM image of both the SA and black TiOs filled
SA are clearly distinguishable. Neat SA samples exhibit smooth and
homogeneous surfaces, whereas dispersed black TiO, nanoparticles can
be easily identified in other images (Average particle size is 18 nm). A
relatively uniform distribution of nanoparticles are seen in the SEM
images. At higher black TiO, loading, slight particle agglomeration is
visible.

3.1. Swelling studies

Figs. 7-10 show the % swelling of the nanocomposite hydrogels at P!
7. The swelling features are greatly influenced by the composition of the
polymer network, extent of crosslinking and degree of ionization of
various functional groups on the polymers. It has been observed that,
initially the water absorption by the gel is very high and as the time
progress, rate becomes slow down and attains an equilibrium value.
From the figures it has been shown that both the initial swelling rate and

Fig. 6. SEM images of SA and SA/black titania (A: SATO; B: SAT1, C: SAT2; D: SAT3).
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Fig. 8. Swelling (%) Vs concentration of the crosslinking agent.
equilibrium swelling of the gels are influenced by the polymer network.

3.1.1. Effect of nano composition on the swelling behavior

To study the influence of black TiO, on the swelling features, the
composition of black TiO; has been varied from 0 to 2 g. The % swelling
(S %) increases from 242 to 365 and then decreases to 114, with an
increase in the amount of black TiOj, as indicated by Fig. 7. The
maximum swelling has been observed with 0.2 g of black TiOs. The
voids within the polymer matrix have strong influence on the diffusion
of solvent molecules through it [60-63].

Nanoparticles may occupy the voids between the polymer chains;
there is an increase in free volume to hold more water molecules and
hence initially the swelling rate increases. The initial increase may also
be due to the wetting property of TiO [64]. As the black TiO; loading
increases, the voids have been occupied by it, leading to a reduction in %
swelling.

3.1.2. Influence of cross-linker on the swelling characteristics
As the concentration of the crosslinker CaCl, and the time of expo-
sure of the nanocomposite gel in the crosslinking medium increases, the
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number of crosslinks between the polymer networks have been observed
to be increasing. From Fig. 8, it is clearly understood that the films cross
linked with 0.05 M CaCl, (SAT4) exhibited an equilibrium swelling ratio
of 867, however those crosslinked with 0.1 M (SAT2) and 0.5 M (SAT5)
CaCly displayed a value of 364 and 127 respectively. To investigate the
time period of exposure of the nanocomposite gels to the cross-linking
medium on the swelling behaviour, the gels have been cross linked
with 0.1 M CacCl; solutions for 10, 30 and 60 min (SAT6, SAT2 and
SAT7). It has been shown that the time of exposure to the crosslinking
solution has not much influence on the % swelling (Fig. 9).

3.1.3. Influence of P on the swelling characteristics

To investigate the influence of P! on the swelling features, the
studies have been carried out at different P" 1.2, 4.0 and 9.0, besides P*!
7.0. It has been observed that the nanocomposite gels undergo disinte-
gration at P 9 and hence no swelling data are available. The swelling
results obtained at different P viz; 1.2, 4 and 7 have been shown as
Fig. 10. Maximum swelling percentage has been attained at P" 7 and
minimum at P 1.2, It has also been found that the P has significant
influence on the equilibrium water content of the gels. The carboxylic
acid groups of alginates undergo dissociation at P! 4 and 7 compared to
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PY 1.2, owing to which the gels exhibit P sensitivity.

PX@ of alginate is 3.2. Carboxylic acid groups of alginates exist in the
form of -COOH at very low PY (1.2) and as -COO" at higher P, The
shrinkage at lower P™ is due to the H-bonding between COOH and OH
and the polymer networks expand due to the repulsion between ionized
carboxylate (-COO), leading to an enhanced water uptake at higher P!
=7.

3.2. Kinetics of swelling

Kinetics of swelling have been evaluated by means of the expression
[65]:

% =ks(S.y — S) 6

Where Seq is the equilibrium swelling and K; is the rate constant of
swelling. Integrating Eq. (3) over the limits, S=0att=0and S=Satt=
t, takes the form, t/s = A + Bt.

B is the reciprocal of equilibrium swelling and Ais the reciprocal of
the initial swelling rate (R;) and K. Swelling rate (t/s) Vs time (t) plot for
the representative samples have been shown as Figs. 11 and 12.

The R; and K, has been obtained from the intercept of the t/s versus t
plot and Seq has been obtained from the slopes. The values have been
reported in Table 3. Theoretical Seq values calculated from the plots and
experimental values are found in close agreement. It has been found
that, the both R; and K values, exhibit a direct relation with the black
TiO4 content in the polymer matrix, and the rigidity of the gels have
been governed by the degree of cross-linking. To investigate the mech-
anism of diffusion, the swelling data were fitted into the equation [66]:

_“/t_vvn
W,

F = Kt" @)

‘F’ being the swelling power of the gel, defined as the quantity of
water confined in the film/unit mass, ‘K> being the swelling constant,
depends upon the network structure and ‘n’ is the swelling exponent,
that describes the mode of transport of solvents through the polymer
matrices. Figs. 13-15 show In F Vs In t plots of the representative
nanocomposite gels. The values of n and K, have been evaluated from
the slopes and intercepts of the In F Vs In t plots and the values have been
shown in Table 3. The n values have been found in the range of
0.04-0.22, indicate that the water transport through the nanocomposite
gels follows an anomalous mechanism. Reinforcement by black TiOy
provides high restriction for the rearrangement of the sodium alginate
chains to respond to the swelling stress, causes delayed swelling. In the

1600
& SATO
s SATH
4 SAT2 P
1200 v SAT3 -
_,/"‘.
800 |-

S (min)

400

800 1200 1600
Time(min)

Fig. 11. Swelling rate curves as a function of black TiOs.
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case of anomalous transport, both the solvent diffusion and the chain
relaxation rates are comparable.

3.3. Diffusion studies

Diffusion properties of the SA/TiO» nanocomposite gels have been
studied by employing the relation [67]:
W, 4 |Dt

wo oV ®

Where ‘D’ is the diffusion coefficient and ‘r’ being the radius of the
gel. ‘D’ has been determined from Wy/W, Vs t'/2 plots as displayed in
Figs. 16 and 17, and the values are tabulated (Table 3). As the concen-
tration of the crosslinking agent increases, the diffusion coefficient de-
creases. On the addition of black TiO,, D value increases to a maximum
and starts to decrease.

3.4. Evaluation of gel content

For calculation of the gel content, the dried gel initial weight is
taken. It is then kept in water for 48 h. Again, dried and dried weight is
taken to obtain the final weight. Gel content is the ratio of final weight to
initial weight. A gel content of above 70% means a stable gel. The gel
content of the developed nanocomposite hydrogels gels have been
shown in Table 2. It has been found that the gels prepared are stable
after swelling for 48 h followed by drying.

3.5. Dye degradation studies

Fig. 18 is the photograph of SA/black TiO, nanocomposite hydrogel
granules before and after the adsorption of methylene blue dye. It has
been observed that as the amount of TiO5 increases from 0.2% to 2%, the
rate of dye degradation increases. The composition SAT3 has highest dye
degradation potential i. e; 99% of both methylene blue (by 180 min) and
malachite green (by 360 min) were degraded by SAT3 sample.

Three kinetic models viz; pseudo first order, pseudo second order and
intraparticle diffusion models were used to analyze the kinetics and
mechanism of adsorption.

The pseudo first order kinetic model in its linear form can be rep-
resented by the equation:

log(g. — g:) =log g. — ©)

2.303

The terms q. and q; refer to the amount of dye adsorbed at
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Table 3
Swelling parameters.
Swelling parameters SATO SAT1 SAT2 PH 7 SAT3 SAT4 SATS SAT6 SAT7 SAT2 PH 1.2 SAT2 PH 4
Swelling (5%) 271 269 364 114 867 127 384 379 167 348
Eq. water content (EWC%) 73 73 78 53 90 60 79 87 63 78
Eq. swelling % (Seq) 275 269 376 115 891.3 127.6 383.1 380 170.9 355.9
Initial swelling rate (Ri) 0.181 1.72 0.26 0.39 6.039 0.442 3.903 0.32 0.178 0.435
Swelling rate constant (Ks) 0.023 0.24 0.02 0.29 0.076 0.271 0.266 0.02 0.061 0.034
Swelling exponent (n) 0.17 0.03 0.17 0.09 0.22 0.04 0.03 0.11 0.14 0.14
Diffusion constant (Kp)10~* (cm?min 1) 7.1 4.2 11.1 3.2 29.02 4.2 8.6 11.1 6.6 10.0
Swelling constant (k) 1.123 2.11 1.07 0.61 1.95 0.664 1.763 1.16 0.643 1.344
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t 1 t
e . . . . = At 10
equilibrium (in mg/g) and at time ‘t’ respectively. The pseudo first order 9 kg g

adsorption rate constant is shown by the symbol k; (min™%). A linear
curve with a negative slope will be obtained when log (qe-q;) against ‘t’
at various concentrations is plotted. The constants k; and q. can be
determined by the curve’s slope and intercept, respectively.

The pseudo second order kinetic model can be expressed by the
following relation:

Here, ks is the rate constant for pseudo second order reaction in g/mg
min~ 1. ge and ky can be determined from the slope and intercept of
linear plot of t/q; against ‘t’.

The mathematical form of intraparticle diffusion model can be
expressed as:
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g =kaVt+C an

kq (mg g~ min"*?) and q; (mg g 1) denote the rate constant for
intraparticle diffusion and the amount of dye adsorbed at time ‘t’
respectively, C gives an indication of the boundary layer thickness and is
obtained from the slope of q; versus t'/2 plot.

The pseudo first order model, pseudo second order model, and
intraparticle models were fitted to account for the experimental values
of methylene blue and malachite green adsorption (Fig. 19). The
calculated kinetic parameters, including ki, ks, and kiq, are listed in
Table 4. It is clear from Table 4 that the pseudo second order kinetic
model provides best match with those of experimental values, and in this
instance, the correlation coefficient is more closely related to one. The
closeness between the experimental and theoretical values suggests that
pseudo second order model govern the adsorption of dyes on the
nanocomposite hydrogels.

To understand the favorability of the adsorption and adsorbent-
adsorbate interactions, we have evaluated three adsorption isotherm
models viz; Langmuir, Freundlich and Temkin models. Langmuir
adsorption theory describes the formation of monolayer of adsorbed
species on homogeneous sites. Mathematically, Langmuir adsorption
isotherm can be expressed as:

Results in Engineering 20 (2023) 101460

c, ¢ 1

qe B Gmax KL Gmax

12

where, ¢, ¢, and @mq denote the equilibrium concentration of adsor-
bate, amount of adsorbate adsorbed at equilibrium and maximum
monolayer adsorption capacity respectively. K; being the adsorption
equilibrium constant and is related to adsorption rate Ry, as:

1

Ri=————
1+K.C

13

C, is the initial concentration of the adsorbate (mg/1). The adsorption
rate R; is known as the separation factor, which determines the favor-
ability of adsorption. For a favorable adsorption, the value of R; is in
between 0 and 1. A plot of c./ g. against c, is a straight-line having slope
1/Qmax and intercept & ¢11,m

According to Freundlich adsorption isotherm, heterogeneous multi-
layer adsorption takes place and can be expressed as:

Ing,=1Inkp Jr1 Inc, 14
n

where, kr and n are the isotherm constants. The plot of In g, versus In c, is
a straight line with % as the slope and In kr as the intercept. The value of n
determines the favorability of adsorption, if n is in between 1 and 10, the
adsorption is favorable and if it is lower than 1 the adsorption is
unfavorable.

The Temkin model explains that the heat of molecular adsorption
decreases linearly with increasing adsorbent surface coverage. The
Temkin isotherm is mathematically expressed as:

q.=BInAr + BinC, (15)
RT

B=- (16)
T

The constant B is associated with heat of adsorption.

_ RTinkr

B, a7)

Ar

kr is the equilibrium binding constant (L/mol), corresponding to
maximum binding energy. If B > 0, the process is exothermic and if B <
0, it is endothermic. In c, versus g, plot gives the value of B as the slope
and At as the intercept.

We have fitted the equilibrium adsorption data for the adsorption of

Fig. 18. SA/black TiO, nanocomposite hydrogel granules (A): Before the adsorption of methylene blue (B): After the adsorption of methylene blue.
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Fig. 19. (a) pseudo first order model for methylene blue dye degradation (b) pseudo second order model for methylene blue dye degradation (c) intraparticle
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degradation (f) intraparticle diffusion model for malachite green degradation.

Table 4
Kinetic parameters of the dye adsorption.
No Dye Experimental Pseudo Pseudo Intraparticle
Qe first order ~ second diffusion
model order model
model
1 Methylene 0.93 mg/g ky = ky = kiq = 0.0654 (g
blue 0.0137 25.06 (g mg ! min~/?)
(min 1) mg ! R%=0.8739 q.
R? = min~1) =0.1313mg/g
0.9846qc R%*=
= 0.0696 0.9986 qe
mg/g =0.9278
mg/g
2 Malachite 1.05 mg/g k= ko = kia = 0.0601 (g
green 0.0050 22.22 (g mg ! min~/?)
(min~") mg~! R?=0.8551 q
R%= min~1) =0.2188 mg/g
0.9659q. R%=
= 0.0126 0.9945 q.
mg/g = 0.865
mg/g

a representative dye malachite green, into these three isotherm models
and the resulting linear plots are shown in Fig. 20. Using the linear
regression method, the values of correlation coefficients (R%) and
isotherm constants were determined. With high correlation coefficient
(R? = 0.9974), the Langmuir model provide a better fit for the adsorp-
tion of dye. The qmax and Ry, values were calculated to be 1.06 mg/g and

10

0.0075 respectively. Since the value of Ry, is in between 0 and 1, the
adsorption is favorable.

Dye release studies have been carried out at P 4, 7 and 9. At P 4
and 7, the release was almost same. But maximum release was limited to
35% indicating photo reduction of the dye. At higher PY the dye
encapsulated hydrogel granules were broken, and the spent TiOz can be
recovered. Relative concentration versus time plot of a representative
sample at various P has been shown as Fig. 21.

Competitive degradation of dyes was also tried using a mixture of
methylene blue and malachite green. The rate constant is slightly higher
in the case of methylene blue (25.69 g mg~! min~!) than malachite
green (20.88 g mg~! min™!). Corresponding C/Cy versus time plot has
been depicted as Fig. 22.

4. Conclusions

In recent years, many studies have been carried on the use of bio-
polymers as adsorbents for water treatment applications, owing to their
simple synthesis strategy, biodegradability, environmental friendliness
and low cost. These materials can be tuned for specific pollutants
removal. Since SA structure possess many anionic groups (hydroxyl and
carboxylate functional groups), it can be employed for the removal of
cationic impurities from polluted water. However, weak mechanical
properties, hydrophilicity and thermal stability restricts their applica-
tion. In view of this, black TiO, nanoparticles have been incorporated
into the SA matrix for the improvement in functional properties of SA.

SA/black TiO, nanocomposite hydrogel films were developed by
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using CaCly as crosslinking agent. The polymeric nanocomposite films
developed were characterized by X-ray diffraction studies, FTIR analysis
and thermal studies. X-ray diffraction studies reveal that with an in-
crease in black TiO, loading, the crystallinity of the system gets
decreased. Black TiO, incorporation onto SA enhances the thermal
stability. Morphology evaluation by SEM confirms the homogeneity of
dispersion of black titania in alginate matrix. Swelling behavior has been
investigated with respect to nano compositions, behaviour of cross-
linking agent and PY. Swelling studies showed that they have P
responsive features and transport of solvents follow anomalous
diffusion.

SA/black TiO5 nanocomposite hydrogels have been employed for the
degradation of model dyes viz; methylene blue and malachite green.
99% of both methylene blue and malachite green were degraded by the
developed SA/black TiO; nanocomposite hydrogels. The main attractive
feature of the system is its P sensitive nature, and can be broken and
recovered by altering the P™.
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