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In the current study, an attempt was made to fabricate silk fibroin/graphene oxide (SF/GO) blend films. The
obtained blend films were characterised by UV-visible spectroscopy (UV-Vis), which confirmed the
blending of GO with SF. Field emission scanning electron microscopy (FE-SEM) images depicted the
good distribution of GO in SF, enhancing the roughness of the film. The thermal stability of the SF/GO
films was enhanced over that of native SF, as revealed by thermogravimetric analysis (TGA). Both the
pristine SF and SF/GO blend films were investigated as novel methylene blue (MB) adsorbents, with good
removal efficiencies of 86% and 96%, respectively. The influences of pH, contact time, concentration
and adsorbent dose on the dye adsorption were systematically examined. The MB adsorption kinetics
validated the pseudo-second-order model with the preferable linear fit for both the SF (R? = 0.995) and
SF/GO blend films (R? = 0.993). The isotherm studies revealed that both the Freundlich and Langmuir
models could accurately describe the adsorption, with the Freundlich model providing a better fit (R> =
0.989 (SF), R? = 0.997 (SF/GO)). The maximum sorption capacity for MB was estimated to be 235.84 mg
g™ for SF and 38167 mg g* for the SF/GO blend films. This suggests that the as-prepared
biocompatible, nontoxic SF and SF/GO blend films can serve as effective biosorbents for the treatment
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1. Introduction

In recent years, the world has been facing serious challenging
threats, such as global warming, air pollution, and, more
prominently, drinking water as well as ocean water pollution.
Water is a universal solvent and one of the most vital elements
on the Earth, covering about 71% of its surface. Of the total
volume of water on the Earth, 97.5% is saline, with the
remaining 2.5% being fresh.” Unfortunately, both of these are
highly polluted in several ways. Majorly, untreated wastewater,
household garbage, sewage, oil leaks and agricultural wastes,
when dumped into water runoff, pollute rivers, lakes, and
oceans.® The excessive release of inorganic/organic pollutants
into waterways, such as toxic metal ions and dye effluents, from
the textile, leather, paper, plastic, rubber, paint, and pharma-
ceutical industries, also contributes significantly to pollution.*®
These by-products contain highly hazardous, carcinogenic,
non-biodegradable, and coloured pigments that pose a great
environmental problem worldwide.® Pollutants discharged into
water runoff obstruct light penetration, which thwarts the
photosynthesis of aqueous flora” and, as a result, endangers the
lives of entire living organisms.®® Even trace amounts of dye (<1
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ppm) can be mutagenic and carcinogenic, rendering water unfit
for human consumption.*

Methylene blue (MB) is a cationic dye that is commonly used
to colour paper, wool, and silk," and is also employed in
microbiology, diagnostics, and surgery.”> Although it is not
extremely dangerous, it can have a negative impact on human
health, causing an increase in heart rate, the formation of Heinz
bodies, jaundice, cyanosis, and tissue necrosis."*'* Even brief
exposure to MB can result in permanent eye damage in both
humans and animals.” Treating effluents containing these dyes
is challenging. Additionally, most conventional water-treatment
techniques'®?® have serious restrictions, including high
expenses, rigorous conditions and the formation of by-prod-
ucts.”?* Therefore, it is necessary to develop a technology that is
efficient, cost-effective, and nature friendly for removing dye
constituents from wastewater. Recently, adsorption-based water
treatment has emerged as a popular alternative to other tech-
nologies, and mainly depends on the material characteristics of
the adsorbent, such as the porosity, surface-charge distribution,
and surface-to-volume ratio.>** Hence, there is a great interest
in developing novel adsorbents with diverse configurations and
advanced features. Despite being the most commonly used
adsorbent for dye uptake, commercial activated charcoal is
prohibitively expensive.*® Thus, a slew of low-cost alternative
bioadsorbents have been developed, including agricultural
waste, silk polymorphs, coffee husk-based activated carbon,”
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modified rice husk,”® sugarcane bagasse lignin,*® cashew nut
shell,* garlic peel,** orange peel,** calcined egg shell,*® banana
peel,** and natural untreated clay.*

In the present work, we choose silk fibroin, a natural biomass
extracted by degumming Bombyx mori silk cocoons, which has
been commonly used in the textile and biomedical fields. Their
versatile properties, such as their excellent biocompatibility,
biodegradability, good thermal stability, mechanical strength
and minimal inflammatory response, have made SF biomaterials
a popular choice for researchers seeking to employ them in
technological applications.*® The various forms of silk fibroin,
such as powders, microspheres, films, and composite materials,
are used for a variety of applications. Powdered silk fibroin and
composite silk film, in particular, have drawn great attention as
adsorbents for organic dyes because of the presence of various
amino acid moieties, which endow a high adsorption capacity for
MB uptake.’”*®* However, various polymorphs of fibroin with
a variety of dopants have exhibited tremendous adsorption
capacities over native SF."*** Recently, GO, a carbon-based
nanomaterial, has been mostly used in wastewater treatment
as its adsorption ability towards MB is excellent.*” The numerous
oxygen-containing groups on the surface and large surface-area-
to-volume ratio of GO aid in its effective interaction with dye
molecules. Hence, the blending of GO with SF can result in
a synergism in functionalities that provides superior perfor-
mance. Although the concept of the blending of SF with GO is
interesting, no reports are yet available in the literature on the
systematic investigation of the development and utility of SF/GO
blends as adsorbents for dye removal.

In the present study, we aim to fabricate a novel bioinspired
SF/GO blend film as an efficient adsorbent for the cationic MB
dye by a solvent casting technique. It is an eco-friendly, facile
fabrication technique with a simple methodology that can be
used to obtain a biomaterial as an adsorbent without any
toxicity involved. In contrast to previous reports, an attempt has
been made herein to investigate the morphology and properties
of the green SF/GO blend films as well as the combined effect of
SF and GO on dye adsorption systematically. Equilibrium and
kinetic analyses were conducted to understand the mechanism
of adsorption, and the obtained experimental data were tested
with various theoretical models.

2. Experimental details
2.1 Materials

Sodium carbonate (Na,CO; (>99%)) and lithium bromide (LiBr
(>99%)) were purchased from Sigma Aldrich, India. All the
chemicals were of analytical grade. Methylene blue (C;¢H;gN3-
Cl-3H,0 (98%)) and graphite fine powder were purchased from
Merck, India. The CB-gold silk cocoons (Bombyx mori) were
collected from the Department of Studies in Sericulture,
University of Mysore, Mysuru, India.

2.2 Preparation of SF solution

A detailed procedure for preparing the SF solution is mentioned
in our previous work.** Briefly, fresh silk cocoons of CB-gold
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were chopped into small pieces (~0.2-0.3 cm) and degummed
twice in 0.02 M sodium carbonate aqueous medium to separate
the gum-like sericin material that covers the fibroin. The
degummed SF mass was dried at room temperature after being
rinsed several times with deionized water. The solution of SF
was attained by immersing the dried mass in 9.3 M lithium
bromide aqueous medium and heated at 60 °C for 3-4 h. To
remove the lithium salts, the resultant SF-LiBr solution was
dialyzed for 72 h using a dialysis cassette with a molecular
weight cut-off of 3500 Da (MWCO: 3500) against deionized
water. Finally, the attained clear SF solution was centrifuged at
9000 rpm to get rid of any silk aggregates and impurities that
may have formed during the process. The collected 8 wt%
purified SF solution was diluted to the desired wt% with double
distilled water and employed for further study.

2.3 Preparation of graphene oxide

Graphene oxide (GO) was prepared from natural graphite
powder using a modified Hummers' method.** To summarize,
graphene powder (2 g) and NaNO; (1 g) were vigorously stirred
in concentrated H,SO, (50 mL, 98%) in a cooling bath for 2 h,
yielding a black slurry. KMnO, (6 g) was then gradually added to
the slurry and stirred continuously for 4 h in a cooling bath
while maintaining the reaction temperature <15 °C. Following
this, the above solution was stirred at 70-80 °C for another 2 h
after adding 100 mL of deionized water. Further, the solution
mixture was diluted with 200 mL hot water (60 °C) to maintain
the pH, followed by the addition of 20 mL H,O,. This turned the
colour of the mixture from brownish black to yellow. The
acquired mixture was thoroughly washed with deionized water
a number times to eliminate any residual acids present, fol-
lowed by centrifugation. Finally, pure GO powder was achieved
by drying the collected residue in a hot air oven at 60 °C for 24 h,
and this was then used in the future analyses.

2.4 Preparation of the SF/GO blend films

To prepare the SF/GO blend films, a known amount of as-
prepared GO powder (0.2 wt%) was added to the SF solution
(5 wt%) in a 100 mL glass beaker. With continuous stirring for
15-20 min using a magnetic stirrer, the solution mixture was
allowed to reach the desired viscosity at room temperature. The
resulting mixture was then cast over polystyrene plates and
allowed to stand until the films were dried completely.

3. Characterization of the samples

3.1 Optical absorption study

The optical absorption spectral study of the SF and SF/GO blend
films was performed using a Shimadzu UV-1800 spectropho-
tometer in the 200 to 800 nm wavelength range, operated at
a resolution of 1 nm at room temperature.

3.2 Surface morphological study

The surface morphology and topography of the SF and SF/GO
blend films were probed with a JSM-6390 LV field emission
scanning electron microscope at 15 kV. Before testing, the

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1va00047k

Open Access Article. Published on 22 April 2022. Downloaded on 12/7/2025 3:54:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

samples were sputtered with gold to avoid electrical charging
during the examination.

3.3 Thermal stability study

A TA instrument SDTQ 600 analyzer was used to study the
thermal decomposition of the samples. All the measurements
were carried out in a nitrogen atmosphere at a flow rate of 100
mL min ", with approximately 4 mg of the samples considered.
At a rate of 20 °C min*, the samples were heated from lab
temperature to 800 °C.

3.4 Adsorption batch experiments

The adsorption properties of the SF and SF/GO films with
regards to MB removal were studied by conducting batch
experiments by varying the solution pH, contact time, amount
of adsorbent, and dye concentration (Table 1) and the details
are given below.

To investigate the kinetics of adsorption, a predetermined
amount of adsorbent (5 mg) was added to 25 mL MB solution
with a fixed initial concentration (20 mg L") contained in
a series of flasks. These were monitored at room temperature
for 0-24 h, with the supernatant collected every 2 h. Following
that, the amount of residual MB in the collected supernatant
was determined by measuring the absorbance at 664 nm with
a UV-Vis absorption spectrophotometer. The amounts of sorp-
tion at time ¢ and at equilibrium as well as the dye removal
percentage were estimated with the equations provided below:**

(CO - Ce)

0

Dye removal efficiency (%) = x 100 (1)

(CO - Ce)

=y )

qe =
where g. accounts for the equilibrium sorption ability (mg g™ ")
of the adsorbent, C, and C, are the concentrations (mg L") of
the dye solution at the initial and equilibrium conditions,
respectively, M is the amount of SF and SF/GO film (mg), and V
is the volume of the testing solution (L). The obtained data were
tested with different kinetic models.

For the adsorption isotherm study, 5 mg each of the SF and
SF/GO films were placed in 100 mL glass flasks containing
25 mL MB solution at various initial concentrations (10-
100 mg L™ ") and left for 24 h at lab conditions. The supernatant
collected thereafter was monitored by UV-Vis absorption spec-
trophotometry. By fitting to the various isotherm models, the
extent of dye adsorbed on the surface of the adsorbent was
determined. Similarly, the influences of the adsorbent dose (6,

Table 1 Conditions employed for the batch adsorption experiments

Factors Range
pH 2-10
Time (h) 0-24
Adsorbent dose (mg) 6-9
MB concentration (mg L) 10-100

© 2022 The Author(s). Published by the Royal Society of Chemistry
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7, 8, and 9 mg) and pH (2-10) were also evaluated. To achieve
the desired pH, 0.1 M NaOH or HCI] was added to the solution.

4. Results and discussion

4.1 Optical absorption study

The UV-visible absorptions of the pure SF and SF/GO blend
films were recorded between 200-800 nm and the resulting
spectra are shown in Fig. 1. The pure SF film displayed
absorption at 275 nm, which is assigned to the -7* transition
of the tyrosine residue in the SF matrix.*” The SF/GO blend
film's spectrum exhibited peaks primarily at 237 nm and
281 nm, corresponding to graphene oxide** and SF, confirming
the dispersion of GO in the SF matrix. Bombyx mori-derived SF is
a fibrous protein comprising 18 different amino acids, with
glycine, alanine, serine, and tyrosine residues accounting for
90% of the total. These amino acid residues in the SF backbone
consist of a large number of polar groups that can effectively
interact with the groups containing oxygen decorated heavily on
GO.” The strong interactions between GO and SF result in
stable, compatible SF/GO blend films. However, in the blend,
a small peak at 267 nm attributed to the 7-electronic conjuga-
tion and restoration of the sp” carbon network was observed.
This implies that a small amount of GO was transformed into
reduced GO after it was blended with the SF.

4.2 Surface morphological study

The surface morphology and topography of the native SF and SF/
GO blend film samples were probed by SEM analysis and the
corresponding images recorded are shown in Fig. 2. As seen in
Fig. 2(a and b), pristine SF had a clean and smooth surface,
whereas the synthesised GO had a layered wrinkle structure. The
SEM images of the SF/GO blend films clearly evidence the exis-
tence of GO sheets throughout the SF matrix, implying the strong
interaction between GO and SF. The dispersed GO in SF increased

5
1237 nm
T 267 nm
P4
4 —= 281 nm

Absorbance (a.u)

0 k. ] \ 1 : 1 : T . T : 1
300 400 500 600 700 800
Wavelength (nm)

Fig. 1 UV-Vis analysis spectra of the pure SF and SF/GO blend films.
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Fig. 2 SEM images of (a) pure silk fibroin, (b) pristine GO, and (c and d) the SF/GO blend film.

the surface roughness of the blend films. This in turn could
greatly enhance the adsorption capacity of the blend film.*

4.3 Thermal stability study

The thermal stability of the native SF and SF/GO blend films was
examined using thermogravimetric analysis and the corre-
sponding TGA scans of the samples are shown in Fig. 3.
According to the results, both the samples demonstrated three
stages of degradation.”” In the initial stage, the weight loss of
the native SF and SF/GO films was about 17% and 12%,
respectively, which occurred from room temperature to 175 °C
due to the loss of water and other solvents present in the
samples. The second stage of degradation of both films was
recorded at temperatures ranging from 250 °C to 430 °C, where
nearly 42% of the SF and 40% of the SF/GO film sample was
decomposed. This can be ascribed to the interruption of the
side chains as well as the cleavage of the peptide bonds in SF
and SF/GO. The final stage degrades approximately 51% and
45% of the SF and SF/GO film samples, respectively. However,
SF/GO exhibited enhanced thermal stability at higher temper-
atures when compared to pure SF, owing to the stabilisation of
the blends due to GO addition.”®

4.4 Dye adsorption study

4.4.1 Effect of pH. The solution pH, which affects the ion-
isation and charge on the surface of the adsorbent and adsor-
bate, is one of the key factors determining the sorption process.
Fig. 4 presents the influence of the pH (2-10) of the aqueous
media on the adsorption of MB on the SF and SF/GO films. It
could be observed that the removal efficiency (at pH 2) was

288 | Environ. Sci: Adv, 2022, 1, 285-296

reduced to 7.93% and 10.06% for the SF and SF/GO films,
respectively. This is mainly due to the competition between the
cationic dye and the abundant H' ions in the acidic solution for
the occupation of the binding sites on the sorbent's surface,
resulting in low removal efficiency.* However, the percentage of
dye removal increased in the pH range of 6-10, with the effi-
ciency reaching 94% (SF) and 96% (SF/GO film). This could be
attributed to the increased pH causing the association of
hydroxyl ions with the adsorbent's surface, resulting in an
increase in negative charge density. Furthermore, at higher pH
levels, negatively charged -COO ions are easily formed as
a result of the dissociation of the -COOH groups on the surface
of the adsorbent. Electrostatic forces readily attract the cationic

SF/GO blend film
Pure SF

1 1 1 1 1 1L 1 1 1 L 1 1 1
100 200 300 400 500 600 700
Temperature (C°)

Fig. 3 TGA graphs of the pure SF and SF/GO blend films.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a) Adsorption capacity and (b) removal efficiency of the pure SF

and SF/GO films in relation to the solution pH.

MB dye to these negatively charged functional groups of SF and
SF/GO, resulting in higher removal efficiencies.*® However, the
optimal pH for this study was selected to be around 6-10.
4.4.2 Effect of contact time. The sorption ability of the SF
and SF/GO films towards MB (20 mg L") was studied over
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a contact time of 0 to 24 h at ambient conditions, which could
be visualized by the colour change of the solutions, as shown in
Fig. 5. UV-Vis spectroscopic analysis was employed to inspect
the dye uptake in the presence of the SF and SF/GO films at
regular intervals (step size = 2 h) and their corresponding
absorption spectra are presented in Fig. 6. From the figure, it
can be observed that the pure MB dye registered a characteristic
absorption maximum at 664 nm with an intensity of 1.89.

After the addition of SF film to the MB solution, this peak
rapidly decreased to 1.38 during the first 2 h interval (for the SF/
GO film, 1.47). As the exposure time increased, a regular
decolouration could be observed. After 24 h, the decolouration
percentage of MB reached 86.24% for pure SF and 96.29% for
the SF/GO film (Fig. 7). The equilibrium condition was reached
at 22 h for both films. To confirm the attainment of adsorption
equilibrium, the experiment was conducted for a 24 h contact
time. From the investigation, the adsorption capacity of the SF
and SF/GO films initially exhibited a relatively high adsorption
capacity, but the variation in the adsorption rate became very
small due to the saturation effect in the later stages. Further,
due to the abundance of polar groups on SF in combination
with the oxygen-containing groups on GO, the SF/GO films
demonstrated enhanced adsorption efficiency over pure SF
films.*

16h | 18h || 20h 22h

24h

16 h 18 h f:oh 22 h Fz;h

Fig. 5 Bottle image of the MB uptake on the pristine SF and SF/GO films.

2.0F
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Fig. 6 UV-Vis spectral changes during MB uptake on (a) pristine SF and (b) SF/GO film at different contact times.
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4.4.3 Effect of dose. In terms of practical applications, the
adsorbate/adsorbent ratio is a significant parameter that must be
optimized to achieve effective and economical dye removal from
wastewater. The effect of the adsorbent dose on adsorption was
studied by considering different amounts of sorbent (6, 7, 8, and
9 mg), and the outcomes are depicted in Fig. 8. It is noticeable
from the figure that the MB uptake capacity of 6 mg each of SF
and SF/GO was 35.54 and 30.23 mg g ', respectively. However,
increasing the SF dose from 7 to 9 mg induced an increase in MB
uptake from 42.18 to 67.75 mg g, while the SF/GO blend film
MB adsorption increased from 46.12 to 70.01 mg g~ .

The results suggest that the dose-dependent MB uptake
improved in the study. As expected, the availability of a larger
surface area and greater number of adsorptive sites to adsorb
more MB molecules with the increased loading of adsorbent
resulted in enhanced dye uptake.

4.4.4 Effect of concentration. The amount of dye adsorbed
on the sorbent is greatly influenced by the initial concentration

80
a) —a— SF
- —e—SF/GO
70
—~ 60
L
<)) L
E
o 50 -
(=3
40 - £
30 7 o
Dose weight (%)
1 L | \ 1 L | 1 1 L 1 L 1 " | L
60 65 70 75 80 85 90 95 100
Dose weight (%)
Fig. 8 (a) Adsorption capacity and (b) removal efficiency of the pure SF

and SF/GO films with respect to the adsorbent dose.
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(a) Efficiency and (b) adsorption capacity of the pristine SF and SF/GO films.

of the dye considered. Fig. 9 depicts the dye removal capacity of
the SF and SF/GO films with varying initial MB concentrations
(10-100 mg L™ %). As observed, the maximum MB uptake for the
SF film increased from 33.81 to 278.75 mg g ', while it
increased from 44.75 to 295.52 mg g~ * for the SF/GO film. This
implies that at higher dye concentrations, a greater mass
transfer driving force facilitates a greater number of MB mole-
cules to move towards the adsorbent surfaces and occupy the
binding sites, thereby increasing the MB uptake by the
adsorbents.

4.4.5 Kinetic study. In the current study, the kinetic
behaviour of the SF and SF/GO films towards MB was examined
by employing two different kinetic models, namely the pseudo-
first-order®® and pseudo-second-order® models, which can be
mathematically represented by eqn (3) and (4) as follows:

In(q. — ¢,) =In q. —

ki
2.303 ! (3)
t 1 1
—=—t—t 4
qe quez qe ( )

where ¢. (mg g~ ') accounts for the amount of dye adsorbed at
equilibrium while g, (mg g~ ") is that at time ¢, and k, (h™") and

—&— pure SF
—&— SF/GO

0 N 1 N 1 L 1 L 1 N 1
(0] 20 40 60 80 100

Dye concentration (mg/L)

Fig. 9 Adsorption capacity with respect to the dye concentration of
the pure SF and SF/GO films.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1va00047k

Open Access Article. Published on 22 April 2022. Downloaded on 12/7/2025 3:54:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

k> (2 mg~ " h™') denote the rate constants corresponding to the
pseudo-first and second-order kinetics. As depicted in Fig. 10,
the obtained data were linearly fitted to the two kinetic models.
The slopes and intercepts of the corresponding graphs were
employed to determine the kinetic parameters, which are
tabulated in Table 2.

From Table 2, the pseudo-first-order kinetic model predicted
ge = 112.09 mg g~ * for pure SF with a correlation of 0.916 and
142.48 mg g~ ' for the SF/GO films with a correlation of 0.644.
Whereas, for the pseudo-second-order kinetic model, the g. and
R? values for the SF films were 80.19 mg g~ ' and 0.995 and for
the SF/GO blend films, they were 92.34 mg g ' and 0.993,
respectively. However, the experimental value ge., of the SF
(83.75 mg g ') and SF/GO films (95.62 mg g ') were quite near
to the estimated value of the pseudo-second-order kinetic
model with a relatively high correlation factor. Therefore, it
could be observed that the adsorption process of the SF and SF/
GO films for the MB pollutant could be fitted to the pseudo-
second-order kinetic model more appropriately.® The pseudo-
second-order kinetic model is well fitted even though several
probable rate limiting aspects that affect the dye adsorption
kinetics were not known clearly because the adsorption mech-
anism of dyes on solid surfaces usually involves several steps.

5 | R*=0.916 (SF film)
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Table2 Kinetic parameters for methylene blue adsorption onto the SF

and SF/GO films

Adsorbents SF film SF/GO film
Pseudo-first-order k(™ 0.0052 0.0043
Gexp (Mg g™ ) 83.752 95.625
Gear (mg g™ ") 112.091  142.481
R 0.916 0.644
Pseudo-second-order k(gh'mg™)  0.024 0.023
Gexp (Mg g™ ) 83.752 95.624
Geal (Mg g™ ") 80.192 92.341
R 0.995 0.993
Intraparticle diffusivity c 3.0305 22.341
| 18.734 5.414
i — 47.909
R’ 0.981 0.996

To know the detailed aspects of the adsorption process of MB
onto SF and SF/GO, the intraparticle diffusion (IPD) model
propounded by Weber et al. was used, which can be fitted as
follows®3¢

q: = kpto'5 +C (5)

0.30F b)

m pure SF (R? = 0.995)
® SF/GO (R*=0.993)

10 15 20 25
Time (h)

R’ = 0.644 (SF/GO film) °
]
1F
1 L 1 L 1 n 1 n 1
0 5 10 15 20
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©
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Fig. 10 MB adsorption kinetic data fitted into the (a) pseudo-first-order, (b) pseudo-second-order, and (c) intraparticle diffusion models.
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Fig. 11 Langmuir fit for the (a) pure SF and (b) SF/GO films.

where g, represents the quantity of dye sorption at time ¢ (mg
g ), k, denotes the rate constant of intraparticle diffusion (mg
g ' h™"?), and C represents the intercept that indicates the
boundary layer thickness. If the intercept value in the linear
plot of g, vs. '/ is zero (C = 0), then intraparticle diffusion
becomes the rate determining step; otherwise, the various
adsorption mechanisms may influence the process. The
graphs of g, vs. t*’ plotted for the SF and SF/GO films are given
in Fig. 10. It can be observed that the SF film showed a single
phase of adsorption, namely initial rapid uptake, which is
associated with external surface adsorption in which dye
molecules move on to the SF surface, whereas the SF/GO film
showed a second region of adsorption, which is due to the
gradual diffusion of the molecules of the dye into the pores of
the sorbent material.>”

4.4.6 Adsorption isotherms. Analysis of the adsorption
isotherms is crucial in the design of any adsorbing system. In
this work, the adsorption isotherms were studied by fitting the
recorded equilibrium data into the Langmuir® and Freund-
lich® models. By comparing their correlation coefficient values,
R?, the suitability of the isotherm models to the current study
was determined.

Langmuir isotherm. The Langmuir isotherm model assumes
a homogeneous adsorbent surface with uniform adsorption
energy facilitating monolayer coverage of the adsorbate,
described by the following relation:

C. C. 1

— = + 6
qe qmax K L qmax ( )

where C. indicates the concentration of the dye at the equilib-
rium point (mg L"), ¢max represents the maximum adsorption
capacity of the adsorbents (mg g~ ") corresponding to complete
monolayer formation, and K; represents the Langmuir
constant, ascribed to the adsorbate's affinity towards the
adsorbent (L mg™"). Fig. 11 depicts the linear fits of the plotted
1/ge vs. 1/C, graphs for the pure SF and SF/GO films and the
values of gmax and Ky, determined from the slopes and intercepts
of the linear plot obtained® are tabulated in Table 3.
Freundlich isotherm. Based on the Freundlich isotherm
model, the adsorbent surface is assumed to be heterogeneous
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Table 3 Isotherm parameters for methylene blue adsorption onto the

SF and SF/GO films

Adsorbents SF film SF/GO film
Langmuir isotherm Ky (Lmg ™) 0.023 0.020

Gmax (Mg g™ 1) 235.84 381.67

R 0.984 0.995
Freundlich isotherm Ks (Lg™) 2.716 2.808

n 1.44 1.41

R 0.989 0.997

with different surface energies and follow multilayer adsorp-
tion, as expressed by the empirical formula:**

0. = K C." 7)

The above expression can be expressed in the logarithmic
form as

1

In Q. = (Z) In C. +In Kp (8)
where Q. (mg g~ ') denotes the quantity of dye adsorbed per unit
mass of the adsorbent, C. (mg L") represents the equilibrium
concentration of the aqueous dye solution, and Ky and n are the
Freundlich isotherm constants. The value of n signifies the
nature of the adsorption process, i.e. adsorption is linear for n =
1, physical for n > 1, and chemical for n < 1. The values of Kr and
n can be calculated by fitting log Q. vs. log C. curves (Fig. 12).
Here, the values of n for the SF (1.44) and SF/GO films (1.41)
implied that the adsorption process was physical.

From Fig. 11 and 12, it can be seen that the equilibrium data
fit into the Langmuir quite well, indicating a higher correlation
coefficient (R> = 0.984 (SF), R> = 0.995 (SF/GO)) and high affinity
constant (K, = 0.023 L mg~ ' (SF), K, = 0.20 L mg™~ " (SF/GO)).
The maximum sorption capacity for MB molecules was calcu-
lated to be 235.84 mg g * for the SF and 381.67 mg g~ * for the
SF/GO film. However, the adsorption of both the SF and SF/GO
films towards MB followed the Freundlich model due to the
high correlation coefficient (R> = 0.989 (SF), R”> = 0.997 (SF/
GO)). This might be ascribed to the surface's high roughness

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and the presence of more oxidation groups, which may aid in
the adsorption of MB onto the SF and SF/GO films via multilayer
adsorption. Further, in addition to the simple electrostatic
interactions, the -7t electron interactions between MB and GO
can add to the greater removal efficiency of the SF/GO blend
films.®> The sorption capacity of the SF/GO blend film prepared
in the present study was compared with a few previously re-
ported low-cost silk fibroin biosorbents, as listed in Table 4. It
could be observed that the SF/GO blend films exhibited signif-
icantly greater sorption capacity than most of the other fibroin
biosorbents. Thus, the SF/GO blend films could serve as novel
green sorbents with good adsorption capability and could be
employed for the removal of dye effluents in wastewater
efficiently.

4.4.7 MB removal from real water samples. To assess the
practicality of the prepared SF/GO blend films, their MB
removal percentage was tested for real water samples collected
from tap water and river water (Phalguni), and the results are

Table 4 MB sorption capacities of a few low-cost silk fibroin
biosorbents

Sorption
capacity
Adsorbent (mgg™) References
Silk fibroin powder 20.58 49
Chitosan/silk fibroin/hydroxyapatite 476 63
nanocomposite
Silk fibroin orange peel foam 113.8 64
Silk fibroin foam 21.8
Silk cocoons 86.2 65
Silk microparticles 490 66
Sonicated silk microparticles 512
Silk fibroin film 263.15 16
Silk fibroin-AuNPs NC film 313.47
Silk fibroin film 235.12 In this
study
Silk fibroin-graphene oxide film 381.62 In this
study

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 MB removal percentage for real samples from different
sources

MB concentration

Sample (mgL™h Removal (%)
Distilled water 20 92.2
40 87.3
60 80.6
Tap water 20 90.5
40 85.2
60 78.5
River water 20 91.8
40 86.1
60 80.7

listed in Table 5. Under optimum conditions, MB of different
concentrations (20, 40, and 60 mg L) was spiked into the
water samples and treated with SF/GO films. The amount of
residual MB in the samples was determined using UV-Vis
analysis. For comparative purposes, distilled water samples
were considered as blank samples. The experimental results
shown in Table 5 demonstrate that the SF/GO blend can be used
as an adsorbent to efficiently remove MB from real samples.

5. Conclusion

In the present work, a silk fibroin/graphene oxide (SF/GO) blend
film was fabricated successfully and used as an effective
adsorbent for the removal of MB. UV-Vis analysis confirmed the
blending of GO with SF. The morphological studies of the films
by FE-SEM showed the good distribution of GO in SF. The
thermal stability of the SF/GO film was enhanced over that of
pure SF. The dye adsorption study revealed that the adsorption
capacity was pH- and dose-dependent, with the MB removal
capacity increasing with pH (>6) and the adsorbent dose for
both the SF and SF/GO blend films. The removal efficiency was
observed to be 86% for SF and 96% for the SF/GO blend film.
The kinetics of the adsorption of MB was found to follow the

Environ. Sci.: Adv,, 2022, 1, 285-296 | 293
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pseudo-second-order model. The dye adsorption equilibrium
data were tested in the Langmuir and Freundlich models, giving
a best fit with the Freundlich model, showing that the adsorp-
tion was multilayer. The high removal efficiency, along with its
eco-friendly nature and ease of preparation, makes SF/GO
a preferable choice as an absorbent for wastewater treatment
compared to other low-cost adsorbents.
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