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The green mechanism for the synthesis of nanoparticles and their application to the wastewater treatment
is of inordinate curiosity to the research community. Herein we outline a novel method for the synthesis of
silver nanoparticles via a green route using alginate-guar gum blend (GG-Alg@Ag) and their application to
degrade methylene blue (MB) dye. The synthesized material was characterized by FTIR, XRD, SEM-EDX,
TEM, TGA-DTG, AFM, and UV-vis techniques. A combination of RSM and CCD was employed to
compute the system and optimized values of various interacting parameters such as exposure time (120
min), pH (4.98), dye concentration (194 mg L%, and catalyst dose (0.07 g) with a photodegradation
capacity of 92.33% and desirability 1.0. The mechanism of degradation reaction was best elucidated by
the pseudo-second-order model suggesting chemical deposition of MB on the GG-Alg@Ag surface
through followed by the reduction mechanism in the occupancy of visible light. The optical studies
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1. Introduction

Dyes belong to a group of unnatural organic materials and are
frequently used in various textile industries.”* Methylene blue
(MB) is a water-soluble dye and used as a colorant in industries
associated with the production of textile products. However,
these dyestuffs are allegedly liable to liberate a large quantity of
highly toxic colored pollutants that degrade water quality and
cause several precarious and chronic disorders to animals and
human beings, such as anaemia, bladder irritation, and
gastrointestinal problems.>” Intractable dyes containing
extreme values of COD (>150 ppm), TOC (2900 mg L), and
BOD (>80 mg L") have deteriorated aesthetic values in water
resources.*” Thus, based on high-level environmental chal-
lenges posed by MB, it has become essential to remove it from
wastewater before its release into the natural environment.
Extraction of MB from polluted water includes photo-
degradation, organic-inorganic ion exchange, electrodialysis,
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indicated a value of 2.5 eV by Tauc's plot for bandgap energy (E;) for GG-Alg@Ag bionanocomposite.

and chemical precipitation.**> Among these, photodegradation
is the most systematized method because of its ease in func-
tionality and cost-effectiveness.”™*

Recently, silver nanoparticles have received considerable
interest inferable from their broad scope of use in the field of
bio-detection, catalysis, adsorption, and biotechnology.'**®
Generally, a chemical coprecipitation method using reducing
agents is employed for the growth of Ag nanoparticles, but
excess use can create potential environmental and biological
issues.”?® A green route for the synthesis of nanoparticles has
been employed by various researchers because of its use of
environmentally friendly solvents that provide better biocom-
patibility and stability to the nanoparticles.”® With adequate
biodegradability, surface functionality, and ecofriendly green
processing, biopolymers such as starch,* alginate,* chitosan,*
and cellulose**?® are widely utilized for the synthesis of nano-
particles owing to their biocompatibility and ecofriendly nature.
They facilitate a controlled-size green environment for the
growth of NPs through the formation of various types of phys-
ical and chemical bonds.””**

The present study presents the eco-friendly green synthesis
of Ag nanoparticles using a blend of guar gum and alginate as
stabilizing and reducing agents. Alginate is generally consid-
ered as the crosslink mixture of linear o-(1,4) linked a-r-gulur-
onate and B-b-mannuronate residues arranged in a non-regular,
block-wise pattern along the linear chain while guar gum is the
naturally occurring branched biopolymer B-b-mannopyranosyl
units linked with single membered o-p-glucopyranosyl units as
side branches.®* Thus, the functionalization of Ag

This journal is © The Royal Society of Chemistry 2020
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nanoparticles with GG-Alg blends provides a platform for better
interactions and biocompatibility with biological agents and
better affinity towards carcinogenic pollutants because of the
availability of a surplus amount of surface -OH and -COOH
groups.®® The material was further explored for sunlight inter-
ceded photodegradation of MB from wastewater, and different
parameters were optimized via response surface methodology
(RSM). RSM s a collection of a few scientific and measurable
procedures whose principle objective is to determine the ideal
operational conditions for the process.*** The utilization of
RSM in an adsorption procedure can result in an improved
adsorption limit, a diminished test fluctuation, a closer affir-
mation of yield reaction to the ostensible and target necessities,
and a decreased advancement time.**>*

2. Materials and methods

2.1. Chemicals

Guar gum powder was purchased from Sigma Aldrich, India.
Sodium alginate, AgNO; and Methylene blue were purchased
from Merck India. The stock solution of Methylene blue was
prepared by adding a precise amount of MB in deionized water.

2.2. Synthesis of GG-Alg@Ag bionanocomposite

A method of in situ green synthesis was utilized for the synthesis
of a GG-Alg@Ag bionanocomposite by allowing for the growth
of Ag nanoparticles (NPs) in the GG-Alg matrix.*® To a 0.05 M
AgNO; solution, 2% (w/v) alginate and 1% (w/v) guar gum
solution were mixed at 303 K at a stirring rate of 12 000 rpm for
24 h. As the nucleation of Ag NPs with alginate moieties begins,
the system turns into a pale yellow color, and further assess-
ment of AgNPs was completed using an ultraviolet-visible light
(UV-vis) spectrophotometer as shown in Fig. S1.1% For product
formation, the mixture of GG-Alg/Ag was added dropwise from
a glass syringe using 22-sized needle into 150 mL of a fluid
calcium chloride solution blended at 400 rpm. The concentra-
tion of CaCl, in the solution increased from 3% to 5% w/v.
Finally, the material was placed under a hot air oven to be
completely dried for 5 h at 40 °C and preserved under vacuum
conditions for further characterization and experimentation.

2.3. Analytical techniques used for characterization of
sample

The type of functional groups and bonding in the material were
analyzed using Fourier Transform Infrared spectroscopy, in
particular, the PerkinElmer (PE1600, USA). A Rigaku Ultima IV
X-ray diffractometer was utilized for the assessment of the solid
structure of the bionanocomposite material. The surface
morphological structure of the material was examined using
scanning electron microscopy (SEM; JEOL GSM 6510LV, Japan).
The samples wrapped in a gold film were prepared before their
introduction to the SEM imaging cell. The molecule size and
dissemination of nanoparticles in the polymer framework of the
blended bionanocomposite were determined by utilizing a JEM
2100 (Japan) transmission electron microscope. The MB
concentration in the supernatant was estimated using a UV-vis
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spectrophotometer (UV-1900, Shimadzu). The alteration of the
arrangement pH was determined using an Elico Li 120 pH
meter. INTEGRA (NT-MDT-INTEGRA) was used for the Atomic
Force Microscopy (AFM) analysis. The thermal stability was
determined by thermogravimetric analysis (TGA, PerkinElmer
model, STA 6000) and thermal derivative analysis (DTG, Perki-
nElmer Pyris 6). The TGA thermograms were recorded for 20 mg
of powder sample at a heating rate of 10 °C min~ " in the
temperature range of 30-800 °C wunder the nitrogen
atmosphere.

2.4. Design of experiments

The experimental design was constructed using Design Expert,
and a CCD was utilized to run the experiments. The complete
design consisted of four factors of exposure time (X1), pH (X2),
initial MB concentration (X3), and catalyst dose (X4), each at five
levels (-2, —1, 0, +1, +2) as listed in Table S1.} A quadratic
regression model activated by the CCD was utilized for the
prediction of photodegradation behavior of MB on GG-Alg@Ag
for four variables as follows:*”

y = bo + zn:b,-x,- + i:b,-l»x,-z +
i=1 i=1

where y is the response of the experimental design, model
constant is by, the linear constant is b;, the quadratic constant is
bii, and interaction constant is bj;. Parameters x; and x; corre-
spond to independent variables of the design, n is the number
of variables considered, and ¢ is the residual statistical term.

The MB concentration was analyzed by UV-vis spectropho-
tometer, and the photodegradation capacity and percent
degradation was given by

Z b,‘jX,‘Xj +¢e (1)

I=i<j

(Co— C)V
o= —0 7 2
q % (2)
%R = %x 100 (3)

o

where g. is the photodegradation capacity of GG-Alg@Ag (mg
g~ "); the initial and final concentration of MB after the opera-
tion is represented by C, and C. (mg L™'); the volume of the
sample taken is V and the catalyst dose be equal to W (g). %R is
the photodegradation percentage after the assessment of
supernatant through the UV-vis spectrophotometer at 662 nm.

2.5. Non-linear chi-square (x?) test and the sum of squares
of error (SSE)

Nonlinear regressions, for example, the chi-square (x?) test,
typically includes the minimization or boost of error appropri-
ation between the test information and the anticipated
isotherm dependent on its confluence criteria.*® Nonlinear chi-
square, x” test, is a measurable mistake investigation instru-
ment important for the best fit of the photodegradation infor-
mation. Little x> numbers demonstrate that information from
the isotherm model was like the test information, while a bigger
number speaks to the variety of the trial information. The
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benefit of utilizing a chi-square test was looking at all isotherms
on a similar abscissa and ordinate.

n

Z (%&,cal - qe,exp)[z

o
T

qeexp (4)

n

SSE = Z (qe.cal - qeﬁexp)iz

i=1

3. Results and discussion

3.1. Characterization of GG-Alg@Ag

Fig. S21 shows the FTIR spectra of guar gum, alginate, and GG-
Alg@Ag. The FTIR spectrum of alginate showed a broad peak at
3422 cm™ ', which is a result of O-H stretching. This broadband
indicates association as a result of -COOH groups. Other
important peaks were observed at 2927 cm ™' (aliphatic C-H
stretching), 1620 cm ™' (C-O stretching), 1406 cm ' (RCO-O-
stretching), and 1043 ecm ™" (C-O-C stretching).?* Similarly, the
FT-IR spectra of guar gum display the peak at 3408 cm ™' due to
-OH stretching, the peak at 2917 cm ™" due to aliphatic ~CH,
stretching and peaks at 1058 cm ™' due to C-O-C stretching
vibrations.*’ The FTIR spectra of GG-Alg@Ag represents most of
the peaks from alginate and guar gum with variable values in
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wavenumber and intensity due to blending (GG-Alg) and
involvement of the blend in reducing and stabilizing Ag nano-
particles. The peaks at 590 cm ' (Ag < O coordination bond)
and 1149 cm™ " due to RCO-OH stretching (blend of GG-Alg).*!
Moreover, the higher value of the C=0 bond at 1639 cm ™"
concerning 1620, 1625 cm™ ", also supports the involvement of
a lone pair of oxygen in complex formation. The FTIR studies
suggest that the establishment of the GG-Alg@Ag complex takes
place via the formation of Ag«—O coordination bonds with
plenty of -OH and -COO™ groups.

Typical XRD spectra of GG-Alg@Ag have been given in
Fig. S3,T which suggests a crystalline structure of the material.
The 2 theta values at 26.74°, 31.13°, 37.11°, 43.29°, 63.49° and
76.52° with plane values (110), (111), (200), (200), (113) and (213)
corresponds to the characteristic peaks. The XRD structure and
miller index values suggest that the Ag forms a distorted face-
centered cubic structure (FCC) with GG-ALG blend through
coordination bonds of the type Ag < 0.2

A widely used mathematical function known as the Scherrer
equation was utilized for the quantification of the nano-
crystalline size of GG-ALG@Ag which is given as follows;*

kA
I= dcos o ()

where t= particle size (nm), k= geometric factor 0.9 for spher-
ical shape, A= the X-ray wavelength used Cu/K « = 0.154 nm,

g 8
Full Seale 234 cts Cursor: 0.000

Fig. 1 SEM images of (a) alginate (b) guar gum (c) GG-Alg@Ag (d) EDX spectrum containing binding energies of Ag, C and O.
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Fig.2 The HRTEM images of GG-Alg@Ag bionanocomposite at different magnification range with corresponding elemental mapping of carbon,

oxygen and Ag.

d = full width half maximum value, § = 26/2. Using the peak
corresponding to (kkl) value of (200), the size of the Ag nano-
particles supported GG-Alg blend was found to be 13.87 nm,
which is in close agreement with the results obtained by TEM
analysis.

Surface morphological studies of the alginate, guar gum, and
GG-Alg@Ag with elemental analysis are shown in Fig. 1(a-c).
The SEM image in Fig. 1(a) shows that the alginate has a regular
spherical and cubical surface with uniform distribution. The
surface morphology of neat guar gum was assessed under SEM,
and distinctive granules with irregular geometry and size were
observed in Fig. 1(b). Most of the granules were of elliptical size
with non-porosity and a high degree of solidification. The highly
porous and spherical shaped surface of GG-Alg@Ag in Fig. 1(c)
suggests that the Ag NPs have a layer of GG-Alg blend that not
only stabilizes them but also provides surface functional
density. The elemental analysis of material has been performed
using EDX spectroscopy given in Fig. 1(d). Strong signals were
obtained from silver atoms at around 3.5 keV which correspond
to the binding energy of Ag Lg, i.e. silver metallic nanocrystals.
The results obtained are in close agreement with EDX spectra of
Ag NPs and origination of other signals by C and O are due to
presence of GG-Alg biopoplymer blend substituted with the Ag
NPs.*

Zeta's potential estimation of GG-Alg@Ag in the KCl solution
demonstrates that the point of zero charges of the material
occurs at approximately pH = 4.45 (Fig. S41). From the electro-
active consequences shown in Fig. S4,1 it is seen that MB is
artificially adsorbed onto GG-Alg@Ag at pH values greater than
4.45. For a pH between 4 and 6, the adsorption is by all accounts
a result of electrostatically coupled chemical communications.
Therefore, the speciation of MB, just as the hydrolysis process

This journal is © The Royal Society of Chemistry 2020

on the GG-Alg@Ag surface, is essential to consider to explain
the machinery of the photodegradation process.

The probable size of the particle and its distribution con-
cerning a polymer matrix can be elucidated by using trans-
mission electron microscopy (TEM) shown in Fig. 2. The tiny
spherical point groups of 14.76 nm (also proved by XRD) were
localized by TEM, which appears to be finely distributed in the
GG-Alg biopolymer matrix. The image also represents some
amount of aggregations in some regions, which may be due to
the presence of a GG-Alg biopolymer blend responsible for the
reduction and stabilization of AgNPs. Further the material was
characterized by elemental mapping analysis. The mapping
results revealed that in the electron micrograph region of
synthesized material Fig. 1(c) the atomic distribution of Ag NPs
are 28.56%.

The TGA-DTG thermogram of the material within a temper-
ature range of 25-600 °C is shown in Fig. S5.7 It is seen that the
debasement of the material occurs in two stages. It is seen from
the TGA bend that a noticeable weight reduction of the material
occurs at 250-430 °C. There is no weight reduction below 250 °C
or above 430 °C. It tends to be, for the most part, ascribed to the
disappearance of water and natural segments related to the GG-
Alg blend. Overall, the TGA results demonstrate a loss of 90% up
to 407.93 °C. The DTG plot shows a serious sharp top at 250-
430 °C, which is predominantly credited to the crystallization of
silver nanoparticles topped with GG-Alg globules. DTG profiles
demonstrate the occurrence of total warm disintegration and
crystallization of the material.

For Ag nanoparticles, it has been observed earlier*>™*’ that
from TGA curve, the dominant weight loss of the Ag occurred in
temperature region between 200 and 300 °C. There is almost no
weight loss below 200 °C and above 300 °C. Therefore, in our

RSC Adv, 2020, 10, 7898-7911 | 7901
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Fig. 3

bionanocomposite, the decomposition of Ag might be in the
similar range, and the majority of weight loss is due to the
biopolymer which resulted from minute amount of Ag nano-
particles used in the bionanocomposites. However, it was
observed that the bionanocomposites containing Ag is more
thermally stable than that of pure polymer, so, Ag improved the
thermal properties of the bionanocomposites.

Atomic force microscopy (AFM) is a complementary
advancement to the information gathered by SEM analysis. In
this study, AFM was utilized to assess the surface morphology
and surface roughness of Ag NPs supported by the GG-Alg
blend. Fig. 3(a and b) represents the 3D (1 pm x 1 um) and
2D topographical images of GG-Alg@Ag bionanocomposite.
With an average roughness value of 20.35 nm, Fig. 3(a) forms
a close correlation with SEM results suggesting that the AgNps
are adequately stabilized and functionalized by the GG-Alg
blend. The yellow circled patches in Fig. 3(b) suggested an
excellent spherical distribution of AgNPs in the GG-Alg
biopolymer matrix with a root mean square value of 27.43 nm.*®

Table 1 Analysis of Variance (ANNOVA) for regression model

View Article Online
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(a) 3D topographical atomic force microscopic (AFM) image, (b) 2D AFM topographical image of GG-Alg@Ag bionanocomposite.

3.2. Statistical analysis of model

RSM is an extensive collection of scientific and factual methods
for the development and streamlining of parameters for
different substances and modern processes.” The central
composite design is a standout amongst the most dominant
and productive trial structures among the other response
surface plans because of its capacity to evaluate the quadratic
model parameters, workings of consecutive structures, model
detection for lack of fit, and utilization of squares. A design
consisting of 30 experimental patterns based on a variation in
four crucial variables such as time (A), pH (B), MB concentration
(C), and catalyst dose (D) was constructed using Design Expert
as listed in Table S2.f The given ranges for variable parameters
such as exposure time (20-180 min), pH (1-9), MB concentra-
tion (50-250 mg L"), and catalyst dose (0.045-0.145 g) are lis-
ted in Table S2.f Based on the experimental and predicted
results, a quadratic equation was obtained by operating
a response function of four variables concerning their interac-
tions during the process.

Source Sum of squares df Mean square F value p-value prob > F Significance
Model 1264.52 14 90.32 22.55 <0.0001 Significant
A-Time 151.35 1 151.35 37.79 <0.0001

B-pH 7.23 1 7.23 1.80 0.1991

C-conc. 48.71 1 48.71 12.16 0.0033

D-dose 211.17 1 211.17 52.73 <0.0001

AB 0.31 1 0.31 0.076 0.7862

AC 0.78 1 0.78 0.19 0.6655

AD 3.91 1 3.91 0.98 0.3387

BC 12.41 1 12.41 3.10 0.0987

BD 11.17 1 11.17 2.79 0.1156

CD 39.47 1 39.47 9.86 0.0068

A® 104.55 1 104.55 26.11 0.0001

B? 688.43 1 688.43 171.90 <0.0001

c? 124.28 1 124.28 31.03 <0.0001

D? 43.19 1 43.19 10.79 0.0050

Residual 60.07 15 4.00

Lack of fit 60.05 10 6.01 1491.33 0.703 Not significant
Pure error 0.020 5 4.027 x 103

Cor total 1324.59 29

7902 | RSC Adv, 2020, 10, 7898-791
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Table 2 Statistical parameters for model

Std. dev. 2.00 R-squared 0.96
Mean 19.97 Adj R-squared 0.92
C.V.% 10.02 Pred R-squared 0.84
PRESS 345.92 Adeq precision 15.58
—2 log likelihood 105.97 BIC 156.98
AICc 170.25

R1 =28.24+2.514 —0.55B + 1.42C -2.97D —0.144B + 0.224C
~0.494D + 0.88BC + 0.84BD —1.57CD —1.954% —5.01B8°
—2.13C* —1.25D7 (6)
In eqn (6), a negative sign suggests an opposing impact,

though a positive sign demonstrates a synergistic effect®. As in
eqn (6), the time (A) and concentration (C) are pragmatic. This
shows that the adsorption of MB by GG-Alg@Ag can be
improved when these components are expanded. A higher value
of T by a lower P value given in Table S31 was used to assess the
importance of each coefficient.”® A genuinely high mutuality
between the test and anticipated response recommends the
sufficiency of the fitted quadratic model.>

3.3. Analysis of variance

The interaction effect and the statistical significance of each
term in the obtained quadratic model on MB photodegradation
are expressed in the analysis of variance (ANOVA) of Table 1.
The relevance of the regression model and corresponding
coefficient terms was estimated by F and P values using Fisher's
null hypothesis method.**> A higher relevance of the regression
model and each coefficient was dictated by a higher Fvalue and
lower P-value.* It was perceived that the model recommended
by the RSM coupled with CCD is highly relevant, as indicated by
the larger F value of 22.55 and a lower P-value of 0.00. An
adequate precision value of 15.58 in the quadratic regression
model imputed an adequate signal of photodegradation of MB
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on the GG-Alg@Ag. The distinction of the lack of fit is not
a relevant result having a p > 0.05, which is statistically irrele-
vant. The sufficiency of the model was evaluated by the esti-
mations of the relationship coefficient R* and R,q;*. In light of
the results perceived using ANOVA, the estimations of R* and
Radj2 were observed to be 0.96 and 0.92, as given in Table 2. The
high estimation of R* advocates a connection amongst the trial
and anticipated estimations of reaction. The estimation of Radj2
demonstrates that 92.33% of the MB evacuation is because of
individual factors aside from the 7.67% of the variation that
could not be clarified by the model.

R1 =2824 + 1.42C —2.97D —1.954* —2.13C* —1.25D* (7)

A plot between actual values accessed by the designed
experiments and predicted estimations computed by the model
is shown in Fig. 4(a). Fig. 4(b) constitutes the normal probability
vs. studentized residual plot for assessing the approximation of
the real system by the models can be found in Fig. 4(b); points
circulating along the straight line without a response exchange
appear as a typical appropriation curve of residuals. The
diagram demonstrates good conveyance of the points along the
straight line with the estimations of R* and R,q;” as 0.96 and
0.92, respectively.

3.4. Three-dimensional response surface plot and their
interpretation

Three-dimensional (3D) surface plots are the graphical
portrayal of regression equations delineating the synchronous
impact of two variables on adsorption while keeping the other
variables constant.*® 3D surface plots of the interdependence
effect of variables on the degradation capacity of MB are shown
in Fig. 5(a-d). Fig. 5(a) shows a 3D surface plot of the simulta-
neous effect of pH and time on the degradation capacity of MB
while holding the catalyst dose to 0.07 g, the MB concentration

Normal Plot of Residuals
(b)

1 I I I I I I
-3.00 -2.00 -1..00 0.00 100 200 3.00

Studenitized Residuals

(a) Correlation between actual and predicted values and (b) normal probability plot of studentized residuals.
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Fig. 5 3D surface plot for the interactive effect of (a) pH and time (b) concentration and time (c) dose and pH and (d) dose and conc. on the

degradation capacity of MB by GG-Alg@Ag bionanocomposite.

to 194 mg L™, and the temperature at 55 °C. From Fig. 5(a), it
can be seen that the degradation limit of MB increases as pH
values increase from 2 to 6 and after which, it declines some-
what with the further increase in pH. At pH < 3.0, H' ions
emulate with MB cationic dye for the available active sites on
the external interface of the catalyst, which impedes the reach of
MB because of the repulsion forces.*” Hence, the evacuation of
MB was less presumably because of the increased rivalry of
protons with MB dye for surface active sites. As the pH of the
system further increases, the concentration of H' particles in
the dissolvable medium abates, which accelerates the adsorp-
tion of MB. The higher adsorption rate at a high pH suggests
that MB connects with adsorbent through a chelating compo-
nent with carboxylic and hydroxyl functions of the catalyst until
the greatest yield is reached. At pH > 5.0, an abatement in the
adsorption rate was observed, which might be ascribed to
support of the MB with hydroxides.” Similarly, from Fig. 5(b),
an expansion in percent effectiveness of MB degradation was
observed when the concentration of MB increased from 100 to
200 mg L~ " with an increase in time from 60 to 140 min. A
further increase in MB concentration leads to a decrease in
percent degradation because of the saturation of the external
surface sites of the catalyst by dye molecules at a limited
concentration.> Thus, an optimized MB concentration of
194 mg L~ was used for all the adsorption isotherm, kinetic,
and thermodynamic studies. Fig. 5(c) shows the 3D surface plot

7904 | RSC Adv, 2020, 10, 7898-791

of the cooperative impact of pH and catalyst portion on the
evacuation proficiency of MB while holding the time to
120.24 min, the MB concentration to 194 mg L™, and the
temperature at 55 °C. It can be observed that an increasing
catalyst dose from 0.07 g to 0.12 g with an increase in pH
decreases the degradation capacity for MB. This conduct can be
clarified as to when the catalyst amount increases, the number
of catalyst particles likewise increases, encouraging increasingly
dynamic sites for adsorption. Given this, as the amount of
adsorbent increases, the effectual surface area and adsorbate/
adsorbent proportion decrease resulting in less MB take-up.
Fig. 5(d) shows the 3D interdependent plot between the cata-
lyst dose and MB concentration regarding the expulsion profi-
ciency of MB. It can be observed that as the concentration
increases from 100 to 200 mg L' the dye removal efficiency
increases while the increase in catalyst dose restricts the
degradation capacity, suggesting that MB concentration has
a synergistic effect while the adsorbent dose has an antagonistic
effect. The purpose of this experiment was to optimize the four
variables that affect the photodegradation of MB on GG-
Alg@Ag. Results obtained clearly suggest that optimized
values of an irradiation time of 120 min, a pH of 4.98, a catalyst
dose of 0.07 g, and a concentration of MB of 194 mg L~ ". With
respect to these circumstances, the predicted removal
percentage of MB dye by GG-Alg@Ag was 32.00 mg g~ ' which

This journal is © The Royal Society of Chemistry 2020
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agrees well with the experimental value of 29.29 mg g~ * with
a desirability of 1.0.

3.5. Adsorption kinetics

Kinetic experiments were performed to determine the degra-
dation rate of MB onto the GG-Alg@Ag bionanocomposite.
Kinetic studies were administered utilizing the pseudo-first-
order and pseudo-second-order models.”**® The mathematical
functions for both the models are given by eqn (8) and (9) as
follows:

g = qo(1 — e (8)
kzqezl

— et 9

"= T kgt ©)

where k; (min~") and &, (g mg™" min~') are the pseudo-first-
order and pseudo-second-order rate constants, while g. and g;
(mg g~") are the degradation limit at equilibrium and that after
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time ¢ (min), respectively. The estimations of kinetic parameters
and curves are abridged in Table S4t and Fig. 6(b). It is obvious
from Table S4+t that for the pseudo-second-order, there is a high
estimation of R2 (0.99) and low estimation of x> (0.99) and SSE
(0.48) in contrast with the pseudo-first-order active model for
MB, showing that the adsorption of MB pursued the pseudo-
second-order. Also, hypothetical estimations of g. are near the
test g. values for pseudo-second request energy showing that
the pseudo-second request model fits well with the trial pho-
todegradation information for MB and the adsorption occurs
via the development of solid-substance bond. Fig. 6(a) repre-
sents the action curve for the photodegradation of MB by GG-
Alg@Ag BNC with respect to time for a MB concentration of
40, 80, 120, 160 and 194 mg L~ ". It was observed that by step-
ping from 40-194 mg L~' MB concentration the maximum
photodegradation capacity (%) continuously raised as 88.70%
for 40, 89.83% for 80, 90.58% for 120, 91.53% for 160 and
93.24% for 194 mg L™ " with time variation of 5-120 min under
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~ @ : i (b) . . ——
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Fig. 6

(a) Plot of photodegradation capacity of GG-Alg@Ag with respect to time for different concentration of MB under visible light conditions

(b) non-linear regression plot of pseudo first order and pseudo second order for MB onto GG-Alg@Ag pH (4.98), MB concentration (194 mg L™Y)
and catalyst dose (0.07 g) (c) UV-vis action curve for MB degradation by GG-Alg@Ag BNC at 194 mg L~* MB concentration with respect to time
and (d) graph showing photodegradation capacity of GG-Alg@Ag bionanocomposite and its individual component.
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Table 3 Comparison of photodegradation capacity with other materials in literature
Adsorbent Kinetic model Photodegradation capacity (%) References
Anionic silver nanoparticles Pseudo first order 75% 57
Ag/ZnO nanoparticles Pseudo first order 82.6 58
Ag/AgCI@ZIF-8 Pseudo first order 90% 59
Ag/SnO, nanoparticles Pseudo first order 84% 60
Silver molybdates Diffusion 90% 61
ZnO microstructures with Ag Pseudo first order 87.7% 62
GG-Alg@Ag Pseudo second order 92.33% Present work
v ¥ v Y d L v L d
4.5 Tauc Ploﬂ
4.04 Band gap energy Eg= 2.5eV -
- 3.5+ ]
0 3.0+ 4
> L
L 2.5+ 1
) L
£
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14 16 18 20 22 24 26 28 3.0 3.2

E, (eV)

Fig. 7 Tauc's Plot for bandgap energy of GG-Alg@Ag bionanocomposite.

visible light conditions. The maximum capacity of 93.24% also
shows a close agreement of the capacity 92.33% obtained by
using CCD-RSM module. From Fig. 6(c) it is observed that with
respect to passage of time under the visible light the absorbance
value is continuously decreasing which belongs to the photo-
degradation of MB. Fig. 6(d) represents the photodegradation
capacity of GG-Alg@Ag bionanocomposite and its individual
component under visible light conditions. From the graph that
the photodegradation capacity for alginate 64.52% (due to
presence of -COOH groups), guar gum 41.37% (due to -OH
groups), GG-Alg blend 67.13% (combined synergetic effect of
both -OH and -COOH groups), Ag NPs 82.97% (metallic silver
due to vacancy creation under visible light) and GG-Alg@Ag
93.05% (combined synergetic effect GG-Alg blend towards
silver) was observed which suggest that the blending of alginate
and guar gum with Ag NPs provide better facilitation to degrade
the methylene blue dye photocatalytically.

3.6. Comparison with other materials

Table 3 compares the optimal capacity of the synthesized GG-
Alg@Ag bionanocomposite to those of the previously reported

7906 | RSC Adv, 2020, 10, 7898-7911

materials. As can be observed from Table 3, GG-Alg@Ag shows
significant improvements over the existing materials for the
removal of MB dye. The high photodegradation efficiency of the
readied GG-Alg@Ag bionanocomposite together with their
proper qualities, for example, reusability, simple combination,
simple detachment, and eco-friendly composition, make them
appropriate options in contrast to the outstanding and gener-
ally utilized catalysts for the expulsion of MB from water
systems.

3.7. Optical analysis and mechanism of photodegradation

Using UV-vis absorption spectrophotometry, the bandgap
energy (E) of the GG-Alg@Ag bionanocomposite were deter-
mined by using Tauc's equation given as follows*”

(ahv) = A(hv — Ep)" (10)
where « is the absorption coefficient, 7 is the Planck constant, »
is the frequency of radiation, A is the constant, n is a constant of
transitions variance, e.g. for directly allowed transition n = 1/2,
for indirectly allowed transition n = 2. In this study, we have
taken n = 1/2, and when plotted a graph between («/v)* and hv,

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00163e

Open Access Article. Published on 24 February 2020. Downloaded on 3/11/2026 4:35:47 PM.

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

(cc)

View Article Online

Paper RSC Advances
O goo
COO-
OH
. CH OH 40°C 5h .
8000 rpm COO"
OH o o eleg
Guar Gum Alginate 00
1% w/V 2% Aq. w/V 3
oH,OH 5 coo OH GG-Alg Blend solution
0]
HO H SOH ™0 o w
Otp 0o OH o= &
I 5
Tﬂo O+ co0h £%
A z E£|%
! a7
2 I3
02- . 77 oloN
" (3 /AL COO
I

N~
,N‘©S4 N:

*Methylene Blue

OH
GG-Alg@Ag Nanocomposite

CO, + H,0 + Byproducts

Fig. 8 Proposed mechanism for synthesis and photocatalytic activity of GG-Alg@Ag bionanocomposite.

the intercept value gives the bandgap energy of the material.
Fig. 7 represents the Tauc plot indicating a value of E; = 2.5 eV
for the GG-Alg@Ag bionanocomposite. Generally, for bare Ag
NPs, the E, was found to be 3.45 €V, so the lowering in bandgap
value can be due to decrement in quantum confinement by
functionalization of Ag NPs with GG-Alg blend.®***

When GG-Alg@Ag absorb visible light of the solar spectra,
the surface electrons from the outer sp band are excited to the
next energy level because of SPR results;**® these electrons are
promptly accepted by the oxygen (O,) molecules to create
oxygen radicals (O,) that attack and degrade the MB dye mole-
cules as projected by reaction (i)-(x). Besides, the holes gener-
ated within the 5sp orbital are filled by electrons accepted®®
from the absorbable photosensitized dye particle, thus debas-
ing the MB. Retention of visible light from the sun by the Ag NPs
causes the excitation of electrons from the 4d orbital to the 5sp
orbital. This inter-band progress results in the excitation of the
numerous photogenerated electrons. These excited electrons
act with the oxygen molecules to create oxygen radicals (O,) and,
therefore, the OH™ ions to create hydroxyl (OH) radicals. Thus,

This journal is © The Royal Society of Chemistry 2020

fashioned radicals attack the dye molecule coupled onto the
exterior interface of the Ag NPs, resulting in degradation of the
dye. Additionally, during the deterioration of the dye by the free
radicals, the holes generated within the d orbital of the Ag NPs
are filled by electrons accepted from the adsorbable dye mole-
cule, resulting in more degradation of the MB dye.* Thus, the
Ag NPs are primed for the absorption of the total light spectrum
because of the SPR result, and therefore the inter-band transi-
tion of 4d electrons to the 5sp band.*® This photocatalytic
mechanism by visual sunlight irradiation via Ag NPs within the
degradation of MG dye is conferred in (i)-(x).

sunlight

Ag+hy Ag(ecs™ +hyg") (i)
Ag(hyp+) + H,O — Ag + H' + OH' (ii)
Ag(hyg+) + OH™ — Ag + OH' (ii)
Ag(ec];—) + 02 - Ag + 02.7 (IV)

RSC Adv, 2020, 10, 7898-791 | 7907
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0, +H* - HO, v)

MB + Ag """ MB“ecy~ (Ag) (vi)
O,+e — Oy~ (vii)

MB™* + OH™ — MB + OH’ (vii)
MB'" + OH" — products (ix)
MB'* + O,"~ — products x)

The coupling of the dye molecules over the exterior interface
of GG-Alg@Ag bionanocomposite directly affects the occurrence
of the exchange of electrons between the excited dye and Ag,
which further accelerates the degradation rate.*” The OH’
radicals will attack the C-S"=C reactive group in MB, which is
in direct electrostatic association with the exterior interface of
the GG-Alg@Ag bionanocomposite. Thus, the underlying stage
of MB debasement is attributed to the cleavage of the bonds of
the C-S"=C reactive group in MB. The transformation from C-
S'=C to C-S(=0)- C needs the protection of the covalent bond
conjugation, which prompts the opening of the central
aromatic ring associated with the heteroatoms S and N. The
origin of H atoms necessary for C-H and N-H bond formation is
projected from the proton reduction by photogeneration as
proposed by Fig. 8.%®

4. Conclusions

This experimental study researched the photodegradation of
MB on GG-Alg@Ag bionanocomposite. Investigations were
completed assessing various adsorption parameters (pH, focus,
catalyst mass, and radiation time with sunlight). RSM coupled
with a central composite model was utilized to analyze the
concurrent effect of four factors on MB evacuation. It was
demonstrated that a second-order polynomial regression model
could appropriately decipher the test information with a coeffi-
cient of assurance (R2) estimation of 0.96 and an F-estimation of
22.55. The concurrent advancement of the multi-reaction
framework by an attractive quality capacity showed that
92.33% evacuation of MB is conceivable utilizing the ideal
states of a pH = 4.98, an MB concentration of 194 mg L™,
aradiation time of 120 min, and a catalyst amount of 0.07 g. The
Langmuir and Freundlich adsorption isotherm models were
utilized for the depiction of the adsorption equipoise of MB.
The information highly concurred with the Langmuir isotherm.
The adsorption information was constrained by both pseudo-
first-order and pseudo-second-order models. The kinetic
exams demonstrated that the rate of the reaction for the evac-
uation of MB pursued the second-order model well. This
investigation demonstrates that the CCD model is appropriate
to improve the experiments of MB evacuation by photo-
degradation. The optical studies indicated a value of 2.5 eV by
Tauc's plot for bandgap energy (E;) for GG-Alg@Ag bionano-
composite. These results suggest that composites have prom-
ising applications in the expulsion of MB from wastewater

7908 | RSC Adv, 2020, 10, 7898-7911
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because of the effective and rapid photocatalytic movement,
similar to simple recovery, and can be explored in industrial
applications on a large scale.
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