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ABSTRACT: Recent developments in nanotechnology led to the
incorporation of many nanomaterials into consumer products. Disposal
of such products will lead to potential contamination of the environment.
Nanomaterials are emerging contaminants in water and show significant
toxicity to living systems. Considering the diversity in structure and
properties, removal of nanopollutants from water warrants novel
methods and materials. The objective of this study was to prepare
PVA/gluten hybrid nanofibers, which are nontoxic and biodegradable
adsorbents for the extraction of nanopollutants from water. Surface
morphology, elemental composition, and functional groups on the fiber
surface were established using microscopic and spectroscopic techniques.
Influence of analytical factors such as experimental pH, time, and
concentration of the pollutants toward establishing the efficiency of
extraction were quantified using UV—vis spectroscopy. Nanofiber mats
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with S wt % gluten exhibited high extraction efficiency of 99% toward citrate-capped silver (Ag) and gold (Au) nanoparticles with
a maximum adsorptive capacity of 31.84 mg/g for Ag NPs and 36.54 mg/g for AuNPs. The kinetic and equilibrium adsorption
data were interpreted using Freundlich and Langmuir isotherm models, and a potential adsorption mechanism was suggested.
The adsorption kinetics showed a pseudo-second-order model for the extraction of nanoparticles. The prepared PVA/gluten
hybrid nanofibers can be utilized as an efficient low-cost adsorbents for removal and recovery of metal nanoparticles from the

aqueous environment.
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B INTRODUCTION

Scarcity of drinking water is becoming a critical global issue
owing to an increase in environmental pollution. The
contaminants in untreated natural water include suspended
particulates such as clay, silt, fine particles of natural organic
matter, inorganic matter, plankton, and microscopic organisms.
Recently, a few classes of nanomaterials, such as functional
nanomaterials (e.g., carbon nanotubes and metal nano-
particles), have generated environmental concerns, especially
when such materials are manufactured and used on a large scale
in consumer products, which usually end up in the environment
through uncontrolled disposal.’ Industrial nanowastes have
greater diversity of particles and may include colloidal metal
oxides, silica, metal particles, dispersed polymers, and dyes.
Nanomaterials are considered emerging pollutants, and
toxicities of such materials in living organisms have been
studied by several research groups.” For example, carbon
nanotubes are toxic and can induce granulomas in animal
lungs.>* Metal and metal oxide nanoparticles induce inflam-
matory and toxic responses in living systems.”® Because of
rapid population growth, mismanagement of water resources,
and increasing population, the development of new and
efficient adsorbents for water purification is necessary to

-4 ACS Publications  © 2014 American Chemical Society

1014

prevent harmful nanoparticles entering into the potable water
supply.

The nanofibers or nanostructured fiber mats prepared using
the electrospinning technique are used for tissue engineer-
ing,”~” optical sensors,' catalysts,"'™'> protective clothing,"*
ultrafiltration,'® and separation processes. ®™*° Because of their
high specific surface area, large number of surface functional
groups, and stability, electrospun nanofibers are expected to be
a good adsorbent for pollutants via physical or chemical
adsorption. Recently, thiol and amine functionalized PVA
nanofiber mats were used successfully for the adsorption of
nanoparticles from water.”*>* Gluten is particularly interesting
as a raw material for the development of new biomaterials for
environmental application owing to their low cost and easy
accessibility.”*** A widely used approach is to consider the
gluten system as a polymer network that is stabilized by various
interactions, such as covalent bonds, noncovalent interactions
(hydrogen bonds and hydrophobic interactions), and entangle-
ments.”® Therefore, developing nanofibers from natural
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proteins will provide a green substitute for synthetic polymer
fibers.

Preparation and characterization of hybrid nanofibers from
synthetic polymer, PVA, and gluten for environmental
applications is interesting owing to their low toxicity,
biodegradability, and mechanical properties.”” > In this
study, PVA/gluten hybrid nanofiber mats were fabricated and
used as adsorbents. Incorporation of gluten in the fiber is
expected to increase the number and type of functional groups
on the surface for enhancing the interaction with pollutants.
Analytical factors such as extraction time, concentration of
pollutants, and pH were explored to obtain optimum extraction
efficiency. We hypothesize that hybrid PVA/gluten nanofibers
could be useful for the removal of dissolved pollutants from
water.

B EXPERIMENTAL DETAILS

Materials. Polyvinyl alcohol (PVA, M, = 146,000—186,000),
wheat gluten (crude, > 80% protein), silver nitrate (AgNO;),
hydrogen tetrachloroaurate trihydrate (HAuCl,-H,O), sodium citrate
tribasic dihydrate (Na;C4HO,-2H,0), and sodium borohydride
(NaBH,) were purchased from Sigma Aldrich and used as received.
Glutaraldehyde was purchased from Merck. The solvents used were of
analytical grade and purchased from local suppliers. Ultrapure water
was used for preparation of solutions.

Synthesis of Citrate-Capped Gold and Silver Nanoparticles.
Citrate-capped gold nanoparticles (Au NPs) were synthesized
following a reported procedure.*® Aqueous solution of HAuCl,:
3H,0 (5 X 10 M, 10 mL) was diluted to 190 mL with ultrapure
water. Sodium citrate solution (0.5%, 10 mL) and sodium borohydride
(0.03 g) were added under constant stirring until a color change to
wine red was observed, indicating the formation of a Au NP colloidal
solution. The final solution was topped up to 200 mL with water.
Similarly, citrate-capped Ag NPs were synthesized by diluting a stock
solution of AgNOj; solution (5 X 107> M, 25 mL) with 200 mL of
water followed by addition of 10 mL of 1% sodium citrate solution (10
mL) and reduction with NaBH, (0.03 g). Stirring was continued until
a color change to pale yellow was observed, and then it was diluted to
250 mL for further use.

Preparation of PVA/Gluten Solutions for Electrospinning.
The spinning solutions were prepared from a single solvent system.
Initially, the PVA (7 wt %) solution was prepared by dissolving PVA
powder in distilled water at about 90 °C with constant stirring for 3 h.
After the solution was cooled to room temperature, aqueous solution
of gluten (2.5 mL and S wt %) was added to PVA solutions and stirred
for 15 h to acquire a homogeneous solution. Adding higher amounts of
gluten showed a phase separation inside the PVA mixture and was not
considered in this preliminary examination.

Fabrication of PVA/Gluten Hybrid Nanofibers by Electro-
spinning. For electrospinning, 10 mL of PVA/gluten solution was
taken in a 10 mL hypodermic syringe and injected using a syringe
pump (Optrobio Technologies Pte, Ltd.) through a blunt-ended
needle with an internal diameter of 1.2 mm. The syringe was then
attached to a syringe pump operating at a flow rate of 15 xL min™".
The needle was connected to a high voltage supply (ES30P-20W/
DDPM/220, Gamma High Voltage, Inc,, U.S.A.). An electric field of
1.5 kVem™ (expressed in terms of voltage/distance) between the
collection plate (cathode) and the needle tip (anode) was applied. The
collector plate was covered with aluminum foil, and the plate was
positioned at a distance of 15 cm from the needle to collect the
electrospun fibers. All electrospinning processes were performed at
ambient temperature.

Cross-Linking of Hybrid PVA/Gluten Nanofibers. Nanofiber
mats, chemical cross-linking agent glutalraldehyde (GA, 50%), and
trifluoroacetic acid as a catalyst were placed inside a desiccator. Hybrid
fiber mats were then allowed to cross-link in the vapor-rich
environment for a period of 6 h under ambient condition and stored
in air-tight containers in presence of a desiccant until further testing
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was performed. This method allows the cross-linking to take place on
the surface of the fiber. To study the stability of the cross-linked fibers
in water, the fiber mats were submerged in deionized water at room
temperature for 24 h and then dried overnight for the removal of trace
amounts of water before their surface morphology and structural
properties were analyzed.

Sample Characterization. The Au and Ag NPs were observed
under a JEOL 3010 high resolution transmission electron microscope
(HRTEM). For sample preparation, a dilute solution of Au NPs or Ag
NPs dispersed in ultrapure water was placed onto a carbon-coated
copper grid (400 mesh) supported on a clean filter paper, dried
overnight, and used for TEM. Dynamic light scattering (DLS) and zeta
potential measurements were done using a Malvern Zetasizer Nano-
Z8S.

The surface morphology and diameter of the fiber samples were
analyzed by a JEOL JSM-6701F field emission scanning electron
micrograph equipped with an energy dispersive X-ray spectrometer
(EDS). The sample was sputter coated with a thin platinum layer using
an auto sputter fine coater (JFC 1600, JEOL, Japan) before imaging.

Infrared (IR) spectra of the composite fibers were recorded using a
Bruker ALPHA FTIR spectrometer in transmittance mode at room
temperature. FTIR spectrum of PVA, gluten, and PVA/gluten blends
were acquired using a KBr pellet, and all samples were scanned from
the 4000 to 400 cm™" region.

The adsorption measurements of Au NPs and Ag NPs solutions
before and after extractions were performed using a UV-—vis
spectrophotometer (Shimadzu UV-1601PC) at room temperature.
The residual amount of nanoparticles after extraction was determined
by withdrawing samples at fixed time intervals, recording an absorption
spectrum, and calculating the concentration using a calibration curve
prepared from standard solution. The intensities at the maximum
absorption (4,,,,) of the nanoparticle solution were used for the
calculation.

B SORPTION STUDIES

Effect of Contact Time and Concentration on
Adsorption Process. Adsorption studies were carried out
using a NPs solution (3 mL) at a concentration range of 2—40
mg L' for Au NPs and 2—70 mg L™ for Ag NPs with 0.5 g of
PVA and PVA/gluten nanofibers. The experiments were carried
out at constant initial concentration. The absorbance of the
supernatant solution was measured at different time intervals
using a spectrophotometer and analyzed for residual nano-
particle concentrations. All adsorption experiments were done
at 30 °C using an orbital shaker at 200 rpm. The pollutant
adsorbed on the adsorbent at equilibrium g, (mg/g) was
calculated using the following equation, !

q.=(Co— c)v/m

where C, and C, (mg/L) are the concentrations of pollutant at
initial stage and at equilibrium conditions, respectivey, V (L) is
volume of the pollutant solution, and M (g) is mass of the
adsorbent used.

Effect of pH on Adsorption Process. The effects of pH
on nanoparticle adsorption were investigated using 3 mL of
initial concentration of Au NP and Ag NP solutions and 0.5 g
of nanofiber. The initial pH in the range 1—12 was adjusted
using 0.1 M HCI or 0.1 M NaOH. The equilibrium was reached
at 80 min for both Au and Ag solutions at ambient conditions.
The amount of NPs adsorbed were determined, and the
percentage removal of pollutant was calculated as

Ci - Cf
—|100
Ci
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where C; and C; (mg L") are the initial and final concentration
of nanoparticles in water, respectively.

B ADSORPTION KINETICS AND MECHANISM

Adsorption Isotherm. Adsorption isotherms, also known
as equilibrium data, are the fundamental requirements for the
design of adsorption systems. To simulate the adsorption
isotherm, two commonly used models, the Freundlich®* and
Langmuir33 isotherm, were selected to understand the
nanoparticle—nanofiber interactions.

Adsorption Kinetics. Kinetic models elucidating the
mechanism by which pollutants are adsorbed on adsorbent
surfaces have been proposed. Adsorption is a time-dependent
process, and it is important to know the rate of adsorption for
designing and evaluating the adsorbent for the extraction of
nanoparticles from water. In many cases, the kinetics of
adsorption based on the overall adsorption rate by the
adsorbent is described by the pseudo-first-order and pseudo-
second-order models.>*~*¢

B RESULTS AND DISCUSSION

Morphology and Structure of Au NPs and Ag NPs.
Figure Slof the Supporting Information shows the TEM
images of sodium citrate-stabilized Ag and Au nanoparticles.
The Ag NPs and Au NPs showed an average diameter of 25 +
3 and 35 =+ 2 nm, respectively, with a narrow size distribution.
The best conditions for getting nonagglomerated nanoparticles
were almost spherical and homogeneously dispersed. Sodium
citrate acted as the capping agent for these nanoparticles. The
particle size distributions for the micrographs are shown in
Figure S2 of the Supporting Information.

Particle Size and Zeta Potential. The size of the
nanoparticles in the solution was established using the dynamic
light scattering (DLS) method. Size distributions for the Ag
NPs and Au NPs stock solution are given in Figure S3 of the
Supporting Information. The histogram of Ag NPs and Au NPs
shows particle size ranges from 10 to 70 nm. The average
diameters were 25 + 1.05 and 3S + 1.19 nm, respectively. High
negative zeta potentials of —23 mV (Au NPs) and —25 mV (Ag
NPs) were obtained from the DLS studies (Figure S3,
Supporting Information).

Optical Property of Au NPs and Ag NPs. The UV—vis
spectra confirmed the formation of gold and silver nano-
particles. A well-defined surface plasmon band with a broad
absorption at about 521 nm (Figure S4, Supporting
Information) in the spectrum confirms the existence of Au
NPs in the solution. The absorption peak at 387 nm indicates
the formation of Ag NPs.*!

Fiber Morphology and Diameter. Mixtures of PVA (7 wt
%) and two different concentrations (2.5 and S wt %) of gluten
were used to prepare the nanofibers. Using optimum
electrospinning conditions of applied voltage (15 kV), flow
rate (15 uL min™'), and collection distance (15 cm), smooth
and uniform nanofibers were obtained.

Figure 1 shows the SEM micrographs of the electrospun
PVA and PVA/gluten nanofibrous mats. The diameter and
morphology of the fibers were uniform along the fiber axis. The
mean diameter of the PVA nanofibers (220 nm) was smaller
than that of PVA/gluten nanofibers, which were 285 (2.5 wt %)
and 290 nm (S wt %). All electrospun fibers showed smooth
morphology and high stability.
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Figure 1. SEM micrographs of the electrospun, but not cross-linked
PVA fiber (A), PVA cross-linked fiber (B), cross-linked PVA/gluten
(2.5 wt %) (C), and PVA/gluten (S wt %) fibers (D). Electrospining
parameters: voltage, 15 kV; flow rate, 15 uL min™"; and collector
distance, 15 cm.

Formation of Water Stable PVA/Gluten Nanofibers.
Chemical cross-linking by glutaraldehyde (GA), which reacts
with the hydroxyl groups of the PVA in presence of an acid
catalyst, has been well studied.>”** The cross-linking process
makes the nanofibrous mats water-insoluble and suitable for
applications in aqueous medium. Also, the cross-linking process
did not change the morphology or diameter of the fibers.
Figure 1(B—D) shows the SEM images of the cross-linked
water stable fibers. After immersion in water for 48 h, the
smooth surface morphologies were well preserved, indicating
no leaching or dissolution of the fibers.

After extraction, the presence of the nanoparticles on the
surface of the nanofiber was observed using an electron
microscope. Figure 2 shows the SEM image of PVA/gluten (S
wt %) after the extraction of Au NPs and Ag NPs on the surface
of the nanofiber. The white dots on the fiber surface with high
electron density represent the nanoparticles. From the
micrographs, the nanoparticles were adsorbed and distributed
uniformly on the nanofiber surface without agglomeration or
aggregation. Similarly, EDS spectra of the samples show the
presence of Au and Ag metal atoms on the surface of the
nanofibers (Figure 2C and D).

Figure 3 shows the FTIR spectra of gluten, PVA, and PVA/
gluten fibers. Pure PVA showed absorbance peaks for the
hydroxyl (—OH) group at 3315 cm™" and a peak corresponding
to the —C—O—C group at 1097 cm™". The spectra of the wheat
glutens with polypeptide chains showed a strong amide I (C=
0) peak at 1650 cm™! and amide II (NH) peak at 1540 cm™,
as well as the broad —NH peak in the region of 3100—3500
cm™), which is typical of proteins.z’9 The peak at 1540 cm™! of
gluten did not shift in the spectrum of the PVA/gluten hybrid
fiber, suggesting that gluten may be in a dispersed state within
the PVA fiber.

Effect of Extraction Time on Adsorption Kinetics.
Figure 4A and B show the amount of nanoparticles adsorbed by
nanofibers as a function of time. The hybrid nanofibers extract
nanoparticles from water more efficiently than pure PVA fibers.
Also, the amount of gluten added influenced the extraction
efficiency. Hence, a higher initial concentration of nanoparticles

will enhance the adsorption process. The graphs indicate a high
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Figure 2. SEM image of PVA/gluten (S wt %) after the extraction of (A) Au NPs and (B) Ag NPs on the surface of the nanofiber and the EDS

spectra of the (A) Au and (B) Ag on the fiber surface.
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Figure 3. FTIR spectra of PVA (I), gluten (II), and PVA/gluten
nanofibers (III); peaks confirms the gluten major functional groups of
amide 1 (C=0 stretching, N—H vibration) at ~1650 cm™" and amide
2 (NH bending and CN stretching) at ~1540 cm™, respectively.

adsorption rate during the first hour, and equilibrium was
reached within 90 min. When equilibrium was reached,
approximately 83% and 99% of Au and Ag NPs were removed
by the hybrid nanofiber mats, respectively. It is shown that the
adsorption is rapid until equilibrium is reached. The highest
adsorption rate was found for the PVA/gluten (S wt %), and
the lowest rate was found for PVA nanofiber. The results clearly
indicate that the efficiency of nanoparticle removal increased up
to 99% with 5% gluten concentration in the hybrid nanofiber.

The effect of the initial Au NPs and Ag NPs concentrations
on the extraction rate by PVA and PVA/gluten nanofibers at a
mixing speed of 200 rpm is shown in Figure 5. When
concentrations of 40 mg/L (Au NP) and 70 mg/L (Ag NP)
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were used, extraction capacities of 36 mg/g (Au NP) and 31
mg/g (Ag NP) were observed. PVA nanofibers showed less
adsorption capacity for both Ag NPs and Au NPs. The
extraction capacity was increased with an increase in the gluten
concentration in the nanofiber, which may be attributed to an
increase in the number and types of surface functional groups
(i.e, —OH, —NHCO—, and —NH,) and hydrophilic nature of
the adsorbent. Higher adsorption efficiency of PVA/gluten
hybrid nanofibers toward NPs can be attributed to the presence
of amide (I and II) groups on the fiber surface. This can be
described by the nanoparticle—nanofiber interaction that
depends on the functional group present on the nanofiber
surface.

Effect of pH on Adsorption Process. The effect of pH on
the NP extraction efficiency of PVA and PVA/gluten nanofibers
was studied at different pH ranging from 4—9 (Figure 6). Both
PVA and gluten have a significant number of functional groups
such as —OH, —NH,, and —CO—NH- and are known to
facilitate hydrogen bonding at neutral pH. Giles and Hassan*’
demonstrated that the polar functional groups on the fiber
surface are strongly hydrated and capable of forming hydrogen
bonds with anion pollutant.

The maximum percentage removal of Au NPs and Ag NPs
occurred at neutral pH, and extraction decreases at acidic and
alkaline pH. The percentage of nanoparticle extracted was 92%
for PVA/gluten (S wt %), 80% for PVA/gluten (2.5 wt %), and
42% for PVA nanofibers when the NP solution pH was 7.0, and
it decreased to 52%, 38%, and 21%, when the pH of the
nanoparticle solution was increased to 9. NPs have a negative
surface charge throughout the pH range from 2 to 9.*' In acidic
medium, the surface of the adsorbent is positively charged due

dx.doi.org/10.1021/5c¢500003k | ACS Sustainable Chem. Eng. 2014, 2, 1014—1021
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Figure 4. Effect of time and amount of (A) Au NPs and (B) Ag NPs adsorbed by (1) PVA fiber, (II) PVA/gluten (2.5 wt %) fiber, and (III) PVA/
gluten (5 wt %) nanofiber mats. Initial concentrations of 40 mg L™" for Au NPs and 70 mg L™ for Ag NPs (3 mL) with 0.5 g of PVA. PVA/gluten

nanofibers were analyzed.
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Figure S. Amount of nanoparticles adsorbed and adsorption capacity
of the hybrid nanofibers. Initial concentrations of 40 mg L™ for Au
NPs and 70 mg L™ for Ag NPs (3 mL) with 0.5 g of PVA. PVA/
gluten nanofibers were analyzed.

to the higher concentration of H' ions; thus, the electrostatic
attraction between the nanofiber and negatively charged
nanoparticle is enhanced. However, in alkaline conditions,
electrostatic repulsion between the negatively charged
adsorbent and adsorbate reduces the interaction.

B ADSORPTION ISOTHERMS

Langmuir Isotherm. In this study, Langmuir and
Freundlich isotherm models were used to describe the basic
equilibrium.

The data obtained from the adsorption experiment for
different nanoparticles were analyzed using an isotherm
equation. The saturation monolayer can be expressed by the
equation

1_1, 1
q9, 4, Kq,C
quCe
“TTrgc

q,,C

The Langmuir constants, g,, (maximum adsorption capacity)
(mg/g) and K, (values for Langmuir constant related to the
energy of adsorption (L/mg)) are predicted from the plot
between C,./q. versus C..

The effect of the isotherm shape has been discussed with a
view to predicting whether an adsorption system is favorable or
not favorable. Hall et al.** proposed a dimensionless separation
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Figure 6. Effect of pH on the (A) Au NPs and (B) Ag NPs removal
efficiency of PVA and PVA/gluten nanofibers. Initial concentrations of
40 mg L™! for Au NPs and 70 mg L™" for Ag NPs (3 mL) at different
pH with 0.5 g of PVA. PVA/gluten nanofibers were analyzed.

factor, Ry, as an essential feature of the Langmuir isotherm,
which is defined as

1

R = ——
"1+ KC,

where K is the Langmuir constant, and C, is the initial
concentration of the adsorbate in solution.

Figure 7 shows the Langmuir plot for the extraction of Au
NPs and Ag NPs. The values of Q, and Ry, are calculated from
the slopes and intercepts of the linear plots of 1/Q, vs 1/C,
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Figure 7. Langmuir plot for (A) Au NPs and (B) Ag NPs. Isotherm
model plots for the adsorption of nanoparticle concentration range of
2—40 mg L' for Au NPs and 2—70 mg L™ for Ag NPs (3 mL) with
0.5 g of PVA. PVA/gluten nanofibers were analyzed.

(Table 1). The maximum adsorption capacity Q, is calculated
to be 36.54 mg/g for Au NPs and 31.84 mg/g for Ag NPs using
our hybrid nanofibers. The data indicates the Langmuir model
is more appropriate to explain the nature of adsorption of
negatively charged nanoparticles on the fiber surface with
correlation coeflicients of 0.934 to 0.991 for Au NPs and 0.978
to 0.995 for Ag NPs.

Freundlich Isotherm. Figure 8 shows the Freundlich plot
for Au NPs and Ag NPs. The Freundlich isotherm is an
empirical equation derived to model the multilayer adsorption
for heterogeneous surfaces and can be expressed as

1
Ing =In K¢+ —In C
n

where ¢, is the amount of nanoparticle adsorbed per unit of
adsorbent at equilibrium time (mg g™'), and C, is equilibrium
concentration of NPs in solution (mg L™). K; and n are
isotherm constants that indicate the capacity and intensity of
the adsorption, respectively.*®

The pseudo-second-order equation is based on the
adsorption equilibrium capacity and may be expressed in the
form

t 1 1
—=—+|—|
9, Kyq, q,

where k, is the rate constant of the pseudo-second-order
adsorption, and g, is the equilibrium adsorption capacity (mg/
g). The k, and g, values of different pollutants can be calculated
experimentally from the slope, and the intercept of t/q, versus ¢
plots.

The values of K and 1/n are calculated using the intercept
and slope of the linear plot log g, vs log c., and the results are
presented in Table 2. The value of 1/n is <1 for Au NPs and Ag
NPs, which indicates that the adsorption of negatively charged
particles on the PVA/gluten hybrid nanofibers is favorable. The
overall results show that the PVA/gluten hybrid nanofibers act
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Figure 8. Freundlich plot for Au NPs (A) and Ag NPs (B). Isotherm
model plots for the adsorption of nanoparticle concentration range of
2—40 mg L™" for Au NPs and 2—70 mg L' for Ag NPs (3 mL) with
0.5 g of PVA. PVA/gluten nanofibers were analyzed.

as an effective and low-cost sorbent for the removal of
nanopollutants from aqueous solutions.

Adsorption Kinetics. Investigation of adsorption kinetics
provides information about the mechanism of adsorption and is
important for the validation of the efficiency of the process. In
the present work, the kinetic data obtained from batch studies
have been analyzed by using pseudo-first-order and pseudo-
second-order models.

The integral form of the pseudo-first-order model is generally
expressed as

k
log(q, — q) =logq, — ( . )t

2.303

where g, and g, represent the amount of nanoparticles adsorbed
(mg/g) at any time t and at equilibrium time, respectively, and
k, represents the adsorption first-order rate constant (min™"),
and t is the contact time (min). The adsorption rate constant
K, were calculated from the plot of log(q. — q.) against £

Table 3 shows the rate constant, calculated Q,, and
regression coefficient of the first-order kinetic model. On the
basis of the regression coefficient (R* < 0.89), it appeared that
the first-order model was not an appropriate fit with the
experimental data. In addition, the Q, from the calculation was
different from the experimental Q..

The pseudo-second-order kinetics and rate constants for the
extractions were obtained from the pseudo-second-order
kinetic model. The extraction data showed a good fit with
the pseudo-second-order kinetic model. The regression
coefficients of the second-order model (R* value in the range
of 0.97—0.99) were greater than that of the first-order model
for both nanoparticles. The results also showed similar
experimental and calculated values of Q,. The first- and
second-order kinetics model plots are shown in Figures S5 and
S6 of the Supporting Information, respectively.

B CONCLUSION

In summary, the influence of two different concentrations of
gluten protein on the morphology and properties of electro-

Table 1. Langumir Isotherm Model Constants and Correlation Coefficients for Adsorption of Two Different Nanoparticles

samples slope (1/Kgy)
Au NP PVA 2.999
PVA/gluten (2.5 wt %) 1.716
PVA/gluten (S wt %) 1.544
Ag NP PVA 7.807
PVA/gluten (2.5 wt %) 0.659
PVA/gluten (S wt %) 1.665

intercept (1/4,) K Ry, I R?
0.537 0.017 0.681 1.860 0.934
0.034 0.020 0.732 28.710 0.975
0.037 0.017 0.712 36.549 0.991
0.199 0.025 0.434 5.017 0.978
0.036 0.054 0.399 27.700 0.996
0.031 0.188 0.531 31.847 0.995
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Table 2. Freundlich Isotherm Model Constants and Correlation Coefficients for Adsorption of Two Different Nanoparticles

samples slope (1/n)
Au NP PVA 0.25
PVA/gluten (2.5 wt %) 0.62
PVA/gluten (S wt %) 0.23
Ag NP PVA 0.65
PVA/gluten (2.5 wt %) 0.86
PVA/gluten (S wt %) 0.67

intercept (In Kp) K; R?
—-0.77 0.424 0.947
0.35 142 0.97
-0.76 0.46 0.99
—3.11 0.04 0.95
—0.40 0.66 0.97
0.68 1.99 0.99

Table 3. Pseudo-First-Order and Pseudo-Second-Order Adsorption Rate Constants and Calculated (Q,) and experimental (Q,,
exp) at Initial Nanoparticle Concentration of Au NPs and Ag NPs, Respectively

sample time dependent, Q. (mg/g) (exp)
Au NPs PVA (7 wt %) 112
PVA/gluten (2.5 wt %) 17.38
PVA/gluten (5 wt %) 23.50
Ag NPs PVA (7 wt %) 9.5
PVA/gluten (2.5 wt %) 24.61
PVA/gluten (S wt %) 40.25

pseudo-first-order pseudo-second-order

kinetic model kinetic model
Langmuir isotherm, Q. (mg/g) Q. (mg/g) R? Q. (mg/g) R?
1.86 0.60 0.83 10.03 0.95
28.71 1.08 0.89 16.85 0.98
36.54 1.38 0.89 23.00 0.99
5.017 0.86 0.78 8.85 0.97
27.70 8.98 0.82 23.98 0.99
31.84 10.08 0.87 40.78 0.99

spun hybrid PVA/gluten nanofibers was discussed. The results
show that smooth and uniform nanofibers were formed under
optimized electrospinning conditions. The PVA/gluten nano-
fiber mats can be rendered to be water stable via cross-linking
and are able to absorb negatively charged nanoparticles through
electrostatic interaction. The Langmuir isotherm model gave a
better fit than Freundlich as shown by the higher R* value. The
maximum adsorption capacity Q, varies from 36.54 mg/g and
31.84 mg/g for Au NPs and Ag NPs, respectively, for PVA/
gluten in nanofibers (S wt %). We anticipate that the highly
stable hybrid nanofibrous mats with a large number of polar
functional groups prepared may be useful in the remediation of
negatively charged nanoparticles or other toxic pollutants from
contaminated water.

B ASSOCIATED CONTENT

© Supporting Information

TEM images, particle size and distribution, zeta potential, UV
spectrum of Au and Ag NPs, and pseudo-first-order and
pseudo-second-order kinetic model plots were shown,
respectively. This material is available free of charge via the
Internet at http://pubs.acs.org.
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