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ABSTRACT: The purpose of this paper is to study the effect of
purp pap Y Polypyrrole [ Feci,+ water |

polypyrrole (PPy) on cellulose acetate (CA) membranes prepared =~ “asasss
by the electrospinning technique (controlled variables) in the <
recovery of gold complexes of aqueous solutions that are
environmentally ecofriendly. CA-PPy membranes were charac-
terized by SEM, EDS, FTIR spectroscopy, contact angle
measurements, electrical conductivity, and mechanical tests.
They were submerged in two aqueous solutions using two gold
complexes, Aul,” and AuBr,”, at room temperature. The recovery
percentage was evaluated for several hours using the atomic
adsorption technique for both complexes. The main findings
indicate that the percentage of recovery in the first hours of the test was very high (>80%). The adsorption efficiency maxima were
similar for both complexes (91%). The Langmuir model suggests the formation of a monolayer on the surface. The electrical
conductivity did not change over time, and the mechanical properties indicate reuse in several experiments. Furthermore, the
theoretical analysis showed that the system is helpful at acidic pH, funding its minimum energy. It is shown in this study that the
used CA-PPy membranes show adsorption, absorption, and reusable properties with the effective recovery of the complexes in the
first hours. These membranes could substitute for materials that are not environmentally ecofriendly.

1. INTRODUCTION demonstrating ease of processing and high mechanical
properties. This polymer could be easily used like membranes,
fibers, and spheres and can be used as a composite material
reinforcement.””” This research uses an electroconductive
polymer as an ion exchange material.

Electroconductive polymers (polyanilines, polythiophenes,
and polypyrroles) exhibit excellent electrical and environ-
mental stability but poor mechanical properties. PPy is a
conducting polymer that has been extensively reported because
of its varied potential applications and environmental stability,
high conductivity, redox properties, and ease of synthesis. '’
PPy has exhibited a promising prospect in adsorption
applications because of its nitrogen atoms in the polymer
chains."'~"* Conducting polymers are not soluble in common
solvents and are difficult to cast. Usually, the conductive layer
deposition on the appropriate porous support is employed to

One of water’s main properties is its capacity to solubilize
many compounds. Water is an essential natural resource for
humans, the environment, and industry development. The
result of industrialization has led to the production of large
amounts of wastewater and increased disposal of heavy metals
into the environment' due to the growth of various industries
that involve metal plating, mining, painting, batteries, paper,
printing, and photography, pesticides, fertilizer, etc.” The
results are water pollution and scarcity in the world. On the
other hand, many separation methods have been used for
water remediation. Among them are treatments to remove
organic (photocatalysis, adsorption with organic material,
bioremediation) and inorganic (ion exchange, precipitation,
coagulation and flocculation process, lixiviation, adsorption,
filtration) pollutants. Nevertheless, most of these procedures
involve high operational and capital costs.’

For that reason, different natural and low-cost materials have
been proposed, like adsorbents such as goethite, quartz, and
alumina,” activated carbon,” cellulosic materials,® and electro-
conductive polymers. For example, polyaniline and PPy have
both properties, adsorption and ion exchange, in their
composites. Cellulose acetate (CA) is a natural polymer
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prepare a conductive polymer membrane.'* The composites of
conducting polymers and some cellulosic materials have been
demonstrated to be suitable adsorbents of different pollutants
like heavy metals and dyes."> In our findings, the electro-
conductive membranes with natural polymers ease ionic
exchange and prevent environmental interaction. It is worth
mentioning the significant mechanical properties that enable
these membranes to be used with excellent recovery and
removal efficiency once they have fulfilled their function.

The use of composite materials of electroconductive
polymers to remove metals has been reported. For example,
Wau et al. used polypyrrole embedded electrospun nanofibrous
poly(ether sulfone) nanofibrous membranes to remove silver
ions. They found adsorption of 35.7 (Ag/PPy) (mg/g).16
Wang et al. used the PAN/PPy core/shell nanofiber for Cr(VI)
removal, and the adsorption amount was 65.5 mg/g at 5 h.'”
Wang et al. investigated PPy-coated electrospun nanofiber
mats that have been used as separation membranes to recover
Au from aqueous [Au(III)Cl,]” solutions, and they removed
approximately 90% (Au(III)).'® PPy and polyaniline (PAni)
were used to remove silver ions from aqueous solutions
(90%)."” In a previous work, Mensah-Biney et al. evaluated the
adsorption of gold—bromine species on an ion-exchange resin
using a batch system.”” Castillo-Ortega et al. reported a
comparative study of cellulose acetate membranes (they used
the phase inversion method), coated with PAni or PPy for
adsorption and subsequent desorption of a gold—iodide
complex; both membranes (PPy and PANI) remove about
60% of the complex.”" Finally, Rascon-Leon et al. used PPy
coated membranes manufactured by the inversion method of
phases in the recovery of the gold—bromine complex; before
10 h, the recovery reached about 40%, and after 15 h recovery
stabilized at 85%.”” Composite materials in the fiber shape of
electroconductive polymers have a highly porous structure
with specific surface and electrochemical properties and ion
exchange capacities.”” Conductive CA/PPy composite fibers
have been obtained with the great advantage of preserving the
main properties of electrospun membranes (flexibility,
porosity, and large surface area). The characteristics/novelties
of this work are as follows: (i) CA has good chemical and
mechanical properties; the former allows the PPy to coat the
membrane in an oxidizing medium, and the latter adds
properties to allow reuse. (ii) Our fibrous membranes increase
adsorption compared to previous work using membranes
manufactured by phase inversion.””*** (iii) CA by itself is
already a very adsorbent material in water but not with salts
because of the additional electroconductive polymer; the
application is potentiated, and ion exchange is favored.

2. MATERIAL AND METHODS

2.1. Materials. The materials used in this work included
cellulose acetate powder, 39.7 wt % acetyl content, average Mn
= 50000 (Aldrich); ferric chloride ACS reagent (Fermont);
99.7% acetone (Aldrich); 98% pyrrole (Aldrich), which
distilled under a vacuum in a nitrogen atmosphere before
use; potassium iodide ACS reagent (Meyer); > 9.8% iodine
ACS reagent (Meyer); 99.99% gold powder, sodium bromide
(Acros), 1000 ppm gold standard (Fluka); and 1,3-dibromo-
5,5-dimethylhydantoin and ammonium hydroxide (JT Baker).

2.2. Preparation of the CA Membrane Coated with
PPy. The electrospinning method was used for the preparation
of the fibrous membranes. The polymeric solution was
prepared by dissolving CA in acetone and water. This solution

was transferred to a plastic syringe of 10 mL capacity and a
syringe pump from KDS Scientific, with a flow velocity of 2.4
mL h™". A high voltage of 16 kV was applied to the polymer
solution, using a high-voltage power supply (Spellman, model
CZE 1000R). The distance between the needle and the
collector plate was set at 15 cm (optimal conditions are in a
previous work’®). A square aluminum plate (10 cm X 10 cm)
was used as a collector.

Solutions of 0.5 M pyrrole and 0.5 M FeCl; were prepared
for coating membranes with PPy. One by one, the membranes
were immersed in 70 mL of the pyrrole solution for 5 min.
Then, the membranes were removed, drained, and placed in a
glass vessel containing a solution of 0.5 M FeCl; for 15 min.
After that, the membranes were dried at room temperature for
24 h.

2.3. Characterization. The morphology and elemental
content of PPy in CA fibers were characterized by scanning
electron microscopy (SEM, JEOL S$5410LV instrument,
operated at 15 kV). The profiling technique (Sloan Dektak
II) was used to understand better the surface morphology and
roughness of the membranes. Fourier Transform infrared
spectroscopy (FTIR)—attenuated total reflection (ATR)
spectra of the fiber samples were recorded in an FT-IR
Spectrometer Frontier MIR (PerkinElmer); tensile tests were
measured using a universal testing machine (MINIMAT) with
a load cell of 200 N using a constant displacement rate of 1
mm/min according to ASTM D1708 “Standard test method
for tensile properties of plastics by use micro tensile
specimens”. The electrical conductivity was measured using a
tungsten electrode by the two-point method.

The contact angles of CA and CA-PPy membranes were
measured at room temperature with a ChemlInstruments
CAM-PLUS apparatus, deionized water was used as the testing
liquid, and at least ten measurements were performed on each
sample to obtain the average value.

2.4. Test of Application as lon-Exchange Composites
for Metallic Complexes of Au. 2.4.1. Aul,” Leaching
Solution. The leaching solution was prepared as follows: 12 g
of iodine total (I, + KI) was used in a KI to I, ratio of 2:1. The
solution of the gold—iodide complex (Aul,”) was prepared
using the leaching solution; a predetermined amount of gold
was added to achieve a 10 ppm concentration. The total Au
concentration was verified by atomic absorption spectroscopy
using a PerkinElmer 3110 atomic absorption spectrometer.

2.4.2. AuBr,” Leaching Solution. A synthetic gold bromide
solution was prepared using reagent grade gold powder (—325
mesh, 99.99%) and reagent grade sodium bromide. A sodium
bromide solution was prepared by dissolving 10.0 g of NaBr in
1000 mL of deionized water and adding 5.0 g of Geobrom S$
(dibromo dimethyl hydantoin) to this solution; 1.0 g of gold
was added, and the gold was completely dissolved (about 24 h)
by continuous magnetic stirring.

The composites coated with PPy were used for the metal
complex adsorption tests for both leaching solutions.

2.4.3. Test. CA-PPy membranes were cut into square pieces
of 1 cm X 1 cm. They were then placed into an Erlenmeyer
flask and immersed in the solution of the metallic complex;
constant magnetic stirring (155 rpm) was used. At the end of
the test, the membranes were removed from the flask, and the
final concentration of metal in the solution was determined.
The composites’ contact times with the metal complex solution
varied in a range from 0 to 840 min. Individual experiments for
each contact time were performed. In all tests, the initial Au

https://doi.org/10.1021/acsomega.2c03129
ACS Omega 2022, 7, 31059—-31068


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

<

0
0
I

)
|
VU

f) PPy membrane before adsorption AuBry’

fery

| ! : b} ‘ $ ‘ 7 ' '
14 Sonie 202 oty Cunper § 488 (T4 em) v

!
:
‘J'.mmmwummw el

L
A b
n

‘ L ' " "

Figure 1. SEM images of (a) CA membranes, (b) CA membranes with PPy, (c) CA-PPy membranes in Aul,”, and (d) CA-PPy membranes in

AgBr,. (e and f) EDX analyses of the samples in (c) and (d).

concentration was 10 ppm. The solid/liquid ratio was 1 g L™
(composite grams/liter of solution). The metal concentration
was analyzed using a PerkinElmer Analyst 200 atomic
absorption spectrometer. All experiments were performed in
triplicate.

2.5. Equilibrium Experiments. Solutions at different
concentrations (1, 5, 10, and 15 ppm) of Au were used to
obtain adsorption isotherms. A membrane portion with a 2 g
L' solid/liquid ratio (grams of membrane/liter of the
solution) was used. The membranes were cut into pieces of
1 cm X 1 cm. These were introduced into Erlenmeyer flasks
and submerged in the Aul,” and AuBr,” complex solutions
under constant magnetic agitation (155 rpm) for 12 h. After
this time, the membranes were immediately removed from the
complex solutions. These experiments were carried out at 25
°C. The concentrations of Au in the remaining solutions were
analyzed by atomic absorption spectroscopy.

31061

2.6. Desorption Test of the Metallic Complexes of Au.
The desorption experiment was performed using a 3 M
NH,OH solution. The composite with a metallic complex was
placed in the solution for 12 h. The concentration of the metal
in the solution was determined by atomic absorption
spectroscopy.

2.7. Computational Details. In the model the PPy, we
used three rings and applied density functional theory
(DFT),””** as it is implemented in the Gaussian 09 suite of
programs,” to calculate all geometries and energies. Our
procedure employs a modified-kick heuristic algorithm in
Python coupled to the Gaussian 09 code to systematically
explore the PES of molecular clusters formed by PPyCI™ and
AuBr,” fragments. We used this complex to facilitate the
calculation. The interested reader is referred to ref 30 for
details about this metaheuristic. The optimized geometries and
energies are reported at PBE0-D3/def2-TZVP/FREQ_using
the self-consistent reaction field (SCRF) and continuum

https://doi.org/10.1021/acsomega.2c03129
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Figure 3. Surface roughness profiles of (a) the CA phase inversion, (b) the CA-PPy phase inversion, (c) CA fibers, and (d) CA-PPy fibers.

solvation model SMD,*! where water was used as a solvent for
all the calculations. This approach includes the D3 version of
Grimme’s dispersion corrections,’” the PBEO functional,* and
the def2TZVP basis set.”* To ensure that all geometries are the
right minimum energy structures, we performed a frequency
analysis with no imaginary frequencies presented in all
arrangements reported in this work. The energy differences
discussed here include the harmonic zero point energy (ZPE)
correction.

3. RESULTS AND DISCUSSION

3.1. Characterization. 3.1.1. Morphology. Figure 1 shows
the SEM micrographs of CA membranes before and after
coating with PPy, respectively. Figure la perceives the fibers’
existence as like ribbons with diameters ranging from 0.2 to 0.7
pum and a smooth surface. This form agglomerates the fibers
and could affect the membrane’s hydrophilicity, as presented in
the contact angle study. Figure 1b corresponds to CA coated
with PPy, and these membranes show a coating with different
size agglomerates (Figure 2b, the particles of PPy form a
coating on the fibers). It should be noted that the efficiency of
the adsorber membranes is due to the large contact surface
area of the fibers. In this case, the nanoparticles give a

cylindrical shape to the fibers and increase the separation
between them, which allows direct contact with the gold
complexes, thus achieving more significant interaction and ion
exchange.

Figure lc displays the SEM micrographs of CA-PPy after the
adsorption of Aul,”, and Figure 1d displays the SEM
micrographs after the adsorption of AuBr,” for 12 h; both
figures show agglomerates. No significant change or degrada-
tion after adsorption is observed after 12 h. The EDX analysis
(Figure 1le) reveals the incorporation of iodine for the first
sample due to the adsorption of this complex (Aul,”) on the
membrane exposed for 12 h. For the AuBr,” complex (Figure
1f), the same happens. Instead of adsorbing the iodine complex
now, bromine is adsorbed. In Figure 3 we can observe the
coating of the PPy particles on the fibers, finding a particle size
on the order of nanometers, which means that a system with a
large surface area was obtained that enhances adsorption and
chemical interactions on the membrane constructed.

3.1.2. Surface Profilometry. Figure 3 shows the surface
roughness profiles of the CA membranes by phase inversion
and electrospinning techniques. Figure 3a shows that the
roughness is about 1.29 ym, and then when this membrane is
coated with PPy, the roughness increases to 2.84 ym (Figure

31062 https://doi.org/10.1021/acsomega.2c03129
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3b). The CA membranes prepared by the electrospinning
technique present a roughness of 3.43 ym (Figure 3c), and
once they are coated with PPy this increases to 14.2 (Figure
3d). Table 1 summarizes the roughness measurements of the

Table 1. Average Roughness and Maximum Height

membrane Ra (um)
CA fibers 343
CA phase inversion 1.29
CA-PPy fibers 14.2
CA-PPy phase inversion 2.84

pure membranes coated with PPy. Physically, this last material
is essential because of its large contact surface. Lu and Hsieh
mention that the increase in wetting is attributed to the
increase in roughness. In other words, high and intimate
contact can be achieved between the membrane with more
porosity and the wetting solution.”® So, the wettability depends
on the surface’s average roughness of the material.*® Another
critical parameter is the roughness, and this suggests to us the
idea that the incorporation of PPy on the surface helps the
removal of metal complexes.

3.1.3. Contact Angle Measure. The contact angle depends
upon a material’s surface roughness and chemical composition.
The wettability is high if the contact angle is less than 90° and
the surface is hydrophilic. On the other hand, the wettability is
low if the contact angle is greater than 90° and the surface is
hydrophobic.*”

Table 2 shows the comparative results between the
membranes made by electrospinning and those made by

Table 2. Contact Angle of CA Fibers, CA Phase Inversion,
Ca-PPy Fibers, and CA-PPy Phase Inversion

membrane contact angle (6)
CA fibers 106° + S.11
CA phase inversion® 51.9° + 29
CA-PPy fibers no angle
CA-PPy phase inversion*” 42.4° + 1.4

phase inversion. It can be observed that between these two
membranes, the ones manufactured by electrospinning show a
higher contact angle (hydrophobic). In FTIR, we observe the
intense band of 1754 cm™ (vc.o). Zhou et al. mention that if
this band is intense, the degree of acetylation of the cellulose is
confirmed, and therefore the "OH groups decrease (related to
the polarity of the surface, which is very altered).”® Therefore,
their work demonstrates that if the degree of acetylation is
high, the contact angle is greater (hydrophobic). Mikaeili and
Gouma mention that, with the electrospinning process also,
the reduction of —OH groups is diminished, which increases
the hydrophobicity. In our measurement, we also confirm
this.* In comparison with membranes manufactured by phase
inversion, it is remarkable that their porosity influences the
greater hydrophilicity. When covered with PPy, we can observe
how the porosity decreases in the case of membranes
manufactured by phase inversion. In contrast, for those
produced by electrospinning, the contact angle disappears as
the membranes are absorbed by the material. This may be
expected because the lone pair of valence electrons in nitrogen
could induce hydrogen bonding between the heterocyclic
pyrrole and water molecules, which aids in the wetting of

PPy.*" It is confirmed that because of the roughness of the
material in addition to its chemical nature, the membranes are
widely wettable, which increases the contact area between the
solution and the material. Ouyang and Chance et al. report that
PPy content, roughness, and conductivity increase wettabil-
ity ¥1

3.1.4. Mechanical Properties. The mechanical properties of
the electrospun membranes were compared to those of
membranes prepared by phase inversion,”” as shown in
Table 3. The electrospun membranes show better mechanical

Table 3. Mechanical Properties of the CA Membranes by
Phase Inversion and CA by the Electrospinning Method

tensile strength Youngs modulus  strain at break

membrane (MPa) MPa) (%)
CA fibers 0.016 + 0.011 0.356 + 0.168 149 + 14
CA phase 3.01 + 0.99 166.93 + 16.03 2.46 + 0.55
inversion
CA+PPy fibers 0.40 + 0.128 3.35 + 1.59 22.76 + 12.09
1.15 + 0.34 39.46 + 2.65 7.50 £ 1.2§

CA+PPy phzase

inversion

properties than the membranes fabricated by phase inversion
due to their increase until rupture and the decrease of the
elasticity of Young’s modulus. When these are covered with
PPy, the deformation at the break becomes greater (8%), and
the elasticity of Young’s modulus decreases by an order of
magnitude.

3.1.5. FTIR Analysis. FTIR spectroscopy was used to
confirm the presence of PPy on the membranes (Figure 4).
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Figure 4. FTIR spectra of (a) CA membranes, (b) CA coated PPy,
(c) CA-PPy Aul,7, and (d) CA-PPy AuBr,”.

The characteristic peaks of PPy are at 1524 cm™, a signal

corresponding to the asymmetric ring stretching vibration of
PPy, at 1486 cm™, which corresponds to the symmetric ring
stretching vibration of the PPy peak, at 1285 cm™', which is
associated with C—N stretching vibrations of the benzoid, and
at 1030 cm™', which corresponds to the C—H deformation
vibration; peaks at 960, 879, and 766 cm™! were assigned to =
C—H wagging.
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3.1.6. Electrical Conductivity. Previous authors have
presented evidence pointing toward a strong correlation
between the nature of the anion and the PPy conductivity "
most likely to be ascribed to the influence of the two factors
identified above, namely, the degree of polymer oxidation and
film morphology.

The conductivity of CA membranes is 107'° S/cm when
coated with PPy. That conductivity rises to 10™" S/cm. This
indicates that they can be used as ion-exchange membranes.
The electrical conductivity of PPy depends on the regularity of
the polymer chain and interchain conductivity.*

Table 4 shows the electrical conductivity measured by the
two-point method (which measures the material’s resistivity)

Table 4. Electrical Conductivity of the Membranes

membrane electrical conductivity (S/cm)
Ac-PPy <107?
AuBr,” (1 h) 1.64 X 107> + 8.73 X 1073
AuBr,” (3 h) 2.66 X 1072 + 1.02 X 1072
AuBr,” (6 h) 139 X 107> & 7.43 X 1073
AuBr,” (12 h) 143 X 1072 + 9.57 X 1073
Aul,” (1 h) 7.63 X 1072 £+ 2.99 X 1073
Aul,” (3 h) 927 X 1073 + 1.27 x 1072
Aul,” (6 h) 6.4 x 107 + 1.46 x 107
Aul,” (12 h) 213 X 107° + 6.42 x 107*

of the membranes prepared with contact with the gold—
bromine complex at 3 h. The metal ion protects the polymer
against attack by water and ions, and thus the conductivity
increases. In the present work, after 3 h of adsorption, an
equilibrium is reached with the gold—iodine complex, and the
conductivity increases an order of magnitude slightly; after 12
h, both membranes are saturated, suggesting a resistance
between the polymer and the complex.

3.2. Tests of Application as lon Exchange Mem-
branes. Figure 5 shows the percentage of adsorption as a
function of time for the membranes manufactured by the
electrospinning technique and coated with PPy and uncoated.

The percentage adsorption was calculated using the
following expression:

(€ -0

% Adsorption = X 100

0

where C, is the initial concentration of the metal (ppm) and C
is the concentration of the metal (ppm) in the solution at time
t.

Previous publications have shown an adsorption percentage
for AuBr,” of up to 20% at 3 h (Rascon-Leon et al.), and
before the first 5 h, the adsorption percentage was below
30%;”* an Aul,” adsorption percentage below 50% at 12 h
with phase inversion membranes and 97% desorption of this
complex was reported.

In this work, the adsorption percentage for both complexes
is about 85% in the first 3 h, reaching equilibrium after 12 h
with an adsorption percentage of 90% for both complexes. This
suggests that the membranes do not show selectivity specific to
one of the complexes and are to be expected because it is an
ion exchange that happens at the interface of the fibers that
does not depend on the volume to occupy. The adsorption is
fast in the first hours because of the spaces not occupied by
ions; however, as time passes, these sites are already occupied,
and equilibrium begins to emerge.

Yang et al. mention that the high mobility of ions (attributed
to ion exchange) on the polymer matrix increases because of
the incorporation of small amounts of counterions (Cl~, NO;~,
ClO,~, and SO,2). CI” can be doped in the PPy chains
through electronic interaction between CI” ions and nitrogen
radical cations when using FeCl; as an oxidant.** This is
related to the material’s conductivity; ie., if the polymer is
highly doped, the conductivity increases, and therefore, the ion
exchange takes place.

Figure S shows graphs of the adsorption percentage of the
samples in AuBr,” and Aul,”. As time increases, the adsorption
increases until the time comes when the adsorption remains
constant. Three critical characteristics encourage the adsorp-
tion of complexes on fibers. These are the morphology of the
material (roughness), the conductivity, and the contact area of
the coated fibers.

It should be noted that the conductivity is maintained after
treatment with NH,OH (3 M) (conductivity = 107> S/cm).
The membrane can be used up to three times because it does
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Figure 5. Adsorption kinetics of (a) Aul,” and (b) AuBr,” complexes on CA-PPy membranes; solid/liquid ratio = 10, [Ay] = 10 ppm, T = 25 °C,

with error bars.
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Table 5. Model Parameters of Langmuir, Freundlich, and Their Corresponding Correlation Coefficients for PPy-Aul,” and

Freundlich model

ACS Omega
PPy-AuBr,”

Langmuir model
complex membrane K (L mg™) Quax (mg/g)
Aul,” PPy 0.07352 4.5537
AuBr,~ PPY 0.9434 54.945

R? ¢ (mg/g) 1/c, R*
0.9954 0.4028 1.0831 0.9792
0.9927 4.1552 0.8417 0.9219

not show degradation until the fourth time it is used in the
form of the detachment of fibers.

3.3. Adsorption Isotherm. Two popular isotherms, the
Freundlich and Langmuir models, were applied to explore
Aul,” and AuBr,” adsorptions. These isotherms are
mathematical models that describe the distribution of the
adsorbate species among liquid and solid phases.

The Freundlich equation, eq b, is an empirical equation
based on adsorption on a heterogeneous surface. On the other
hand, the Langmuir model (eq a) assumes that uptake of metal
ions occurs on a homogeneous surface by monolayer

adsorption without any interaction between adsorbed ions.*
The models in the linear form are presented below:
C G 1
9. 4, ba, (2)
1 In K¢ + ! In C
ng —In —In
R (b)

where C, is the equilibrium concentration (mg/L), g, is the
equilibrium adsorption capacity of the adsorbent (mg/g), q,, is
the maximum monolayer adsorption capacity (mg/g), b is the
Langmuir parameter (L/mg), and K; and 1/n are parameters
related to adsorption capacity and surface heterogeneity,
respectively. Table S below shows the parameters of the
experiment. This suggests that both models can be applied;
however, they are better suited to a Langmuir model with high
R? values; ie, adsorption is carried out by forming a
monolayer on the surface (Figure 6). The maximum
adsorption for the PPy-coated membrane in AuBr,” is
54.945 mg/g higher than that of the PPy membrane in
Aul,” (4.5537 mg/g).

Electrospun Membrane
CA

Monolayer

Auly

cl 7—’0(0

N

0(0

N

0(0

Figure 6. Schematic representation of the ion-exchange process of
Aul,” on CA-PPy membranes.
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3.4. Desorption Test of the Metal Complexes Aul,~
and AuBr,”. The membranes were subjected to a desorption
test with NH,OH (3 M), with a contact time of 12 h; both
membranes achieved very similar desorption. A desorption of
73% was measured for the CA-PPy membrane that adsorbed
Aul,” after the test, while in the membrane with AuBr,~, the
desorption was 70%. Rascon-Leon et al. obtained desorption
with the membranes by phase inversion and PPy coated in the
54% gold—bromine complex. Although it is expected that as
the interactions are weak superficially the desorption is faster, it
was not entirely so.”” Electrospun membranes with large
roughness due to PPy coating do not retain the complexes.
This is because they form interactions only on the surface of
the membranes and are only adsorbed, which does not
influence the desorption process. The membranes maintain
electrical conductivity for up to 5 cycles (107> to 10™* S/cm).

3.5. Optimized Geometries and Relatives Energies.
Figure 7 shows the three lowest energy structures in the

a) ¢ b) o) ¢
0 P [ 5] 9@
¢ A~ B WA At Al V' ve o
Avk v k 254 ‘® g v

Figure 7. Lowest energy structures in the unprotonated state: (a) 0.0
kcal/mol, (b) 0.5 kcal/mol, and (c) 1.6 kcal/mol.

unprotonated state (Figure 7a). The average distance of the
hydrogens to the nitrogen and carbon atoms is 1.57 A with
water as a solvent, in agreement with previous DFT
calculations.”® Our calculated distance between the chlorine
and the hydrogen atoms is 2.54 A. Also, the distance between
the gold and the nitrogen atoms is 3.86 A. Theoretical
considerations on the acidity of [PPy-Cl”] Aul,” fragments
created an unprotonated system with a deficit of protons. This
deficit of protons does not allow the dissociation of the
chlorine atom from the PPy under those conditions; the
interchange between the chlorine and the gold atoms is not
favorable.

Figure 7 shows the three optimized geometry structures for
the unprotonated system. The relative Gibbs free energy is in
kcal/mol. In Figure 7a, for the lowest energy structure with a
relative Gibbs energy of 0.0 kcal/mol at 298.15 K, the distance
between chlorine and the closet hydrogen atoms is 2.54 A as
shown. In Figure 7b is the second lowest energy structure, and
Figure 7c shows where the third isomer is located. The Cl, Au,
C, N, I, and H are depicted in green, yellow, gray, blue, red,
and white colors, respectively, in this and the other figures. In
Figure 7b, the second isomers lie just 0.5 kcal/mol above the
putative minimum global. The distance between chlorine and
the closet hydrogen atoms that belong to PPy is 2.53 A. The
distance between Au and the closest nitrogen of PPy is 3.85 A.
The third isomers are shown in Figure 7c 1.6 kcal/mol above
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ACS Omega 2022, 7, 31059—-31068


https://pubs.acs.org/doi/10.1021/acsomega.2c03129?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03129?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03129?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03129?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03129?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03129?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03129?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03129?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

the minimum global; the Cl-H distance is 2.51 A, and the
Au—N distance is 4.0 A. The lowest energy structure possesses
the largest CI—H distance or trend to have the largest one.
Figure 8 shows the lowest energy structures for the
protonated system. In Figure 8a, we show the putative global

® b
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Figure 8. Lowest energy structures in the protonated state: (a) 0.0
kcal/mol, (b) 1.5 kcal/mol, and (c) 5.5 kcal/mol.

minimum where the distance between hydrogen and chlorine
is 3.1 A. In Figure 8b, the second isomers lie just 1.5 kcal/mol
above the putative global minimum, and in Figure 8c, the third
isomers are 5.5 kcal/mol above the global minimum. The
relative Gibbs’s free energies are in kcal/mol. The case of the
protonated system and the lowest energy structure are shown
in Figure 8, and the distance between chlorine and hydrogen in
the PPy is 3.1 A. The chlorine atom is associated with a proton
forming the hydrochloric acid; also, the AuBr,” complex is
attracted to PPy. Our calculations showed that the system
must be protonated to disassociate the CI™ from the PPy. The
only presence of the Aul,” complex is not enough to dissociate
the chlorine atom (or ion). The Au—N distance is 4.0 A.
Figure 8b, we show that the second isomers lie 1.5 kcal/mol
above the global minimum; also, the chlorine was able to
dissociate from the PPy and form HCI, with a Au—N distance
of 40 A. In Figure 8¢, the proton associated with one Br
creates HBr, and the distance between Cl™ and one of the
hydrogens of the PPy is 2.7 A; this system is not favorable
energetically.

Figure 9 shows the lowest energy structures for the neutral
(PH = 7) system. In Figure 9a, we show the putative global
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Figure 9. Lowest energy structures in the neutral state: (a) 0.0 kcal/

mol, (b) 0.6 kcal/mol, and (c) 1.46 kcal/mol.

minimum where the distance between hydrogen belonging to
PPy and the chlorine atoms is 1.9 A. In Figure 9b, the second
isomers lie just 0.6 kcal/mol above the putative global
minimum, and in Figure 9c the third isomers are 1.46 kcal/
mol above the alleged global minimum.

For the neutral case, with PH close to 7, the lowest energy
structure is shown in Figure 9a, where the distance between
the chlorine atom and the closest hydrogen of PPy is 1.9 A.
Our calculations indicate that the chlorine atom tends to
shorten the bonding when there are no protons; the second
isomers shown in Figure 9b lie at just 0.6 kcal/mol, and the
HCl distance is 2.0 A, slightly longer than in the putative global
minimum. The other isomer shown in Figure 9c is located 1.46
kcal/mol above the energy of the putative global minimum,

and the HCI distance is 1.99 A; it is clear that, in the neutral
state, the chlorine does not tend to disassociate from the PPy.

4. CONCLUSIONS

Cellulose acetate membranes covered with PPy were obtained
and manufactured by the electrospinning technique with
controllable variables. The mechanical properties, electrical
conductivity, and efliciency of adsorption and desorption of
Aul,” and AuBr,” metal complexes give the membranes
potential applications for recovering these complexes. The
adsorption percentage is high (over 80%) in the early hours
and stabilizes at a maximum of 90%. The recovery is attributed
to the electrical conductivity of the PPy-coated membranes
due to the exchange between the doping ions and the
complexes. The computer modeling study found that lower
energy geometry is favored with a protonated system.

Furthermore, the morphology and roughness make the
surface more wettable (determined by the contact angle), and
therefore, it quickly adsorbs the solution with the complexes.
The adsorption isotherms determined in the equilibrium
conform to the Langmuir model, suggesting that a monolayer
is formed on the membrane surface. The material desorption is
above 70% in both complexes, a helpful parameter indicating
the reusability of the material. Electrospun membranes covered
with an electroconductive polymer are viable for recovering
metal complexes.
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