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Abstract

New adsorbent films for the biosorption of malachite green (MG) dye from water were prepared using polylactic acid
(PLA) as a renewable, degradable and thermoplastic polymer matrix, instead of widely used crosslinked systems. Poly-
aniline (PANI) and carbon fibers (CFs) were added to PLA through vigorous sonication followed by a casting technique
to create electrically conductive PLA-based adsorbent films with enhanced functionality and adsorption properties. The
composite films were characterized using scanning electron microscopy, Fourier transform infrared spectroscopy, differ-
ential scanning calorimetry, dynamic mechanical thermal analysis, and BET-surface area measurements to identify their
functionality as adsorbents for removing MG dye from water. The produced PLA/PANI/CFs composite films exhibited
higher electrical conductivity and surface area compared to PLA and PLA/PANI films. The effects of adsorbent film
composition, contact time, pH, and dye concentration on adsorption efficiency were assessed. The adsorption test con-
firmed effective removal of MG dye with maximum adsorption capacities of up to 60.1 mg/g. The isotherm data fitted the
Langmuir model with an R? value of 0.99, implying a chemisorption process. The fabricated biosorbents disclosed the
first-order kinetic model with high R? values and an exothermic reaction with the MG dye, as the process is stimulated
by a decrease in temperature. Adsorbent regeneration and the significant effect of various MG concentrations on electric
conductivity, which changed by two orders of magnitude, demonstrated the applicability of PLA/PANI/CFs composite
films as potential MG dye sensors.
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Introduction

Nowadays, the organic dyes are extensively used as color-
ing agents for fabric, leather, plastics, and paper. With the
increasing consumption in the dyestuff and pigment indus-
try, there is an extensive increase in water contamination by
synthetic non-biodegradable dye residues, which represents
serious environmental problems [1]. Malachite green (MG)
dye is an organic compound based on triarylmethane char-
acterized by high stability, non-biodegradability, and high
resistance to light and oxidizing agents. MG is commonly
used as a dye for materials such as silk, cotton, leather, wool
and paper. Due to its high solubility in water, the contami-
nation of wastewater with MG represents a serious envi-
ronmental hazard. MG dye is mutagenic for humans and
affects the immunological and reproductive systems. It is
also highly toxic to mammalian cells and influences pho-
tosynthesis and plant growth, thereby affecting the biologi-
cal activity of living organisms in water [2]. Typically, the
principal techniques used for dye removal involve physi-
cal or chemical processes, including membrane separation,
adsorption, ion exchange, oxidation, coagulation, and floc-
culation. Adsorption is considered one of the most effective
approaches for wastewater treatment because it is fast and
easy to exploit [3—5]. It permits variability in both design and
operation, additionally it produces pollutant-free effluents
suitable for reuse. The adsorption process has considerable
advantages compared to conventional methods, particularly
from technical, economic, and environmental perspectives.
Among other techniques, adsorption has proven to be an
effective route with high efficiency, capacity and large-scale
applicability for eliminating dyes. It also offers potential for
the regeneration, recovery and recycling of adsorbents [6].
The prevalence of monomers generated from fossil
sources has played a major role in the establishment of many
products used in daily life, business, agriculture, and other
industries. Serious environmental problems are caused by
the extensive use of these products and the accumulation
of plastic waste in landfills. In addition to the plastic pol-
lution problem, it is highlighted that the world’s petroleum
reserves are becoming limited due to increased demand
from different industries. Plastics offer several advantages
but can be reprocessed, dumped, or discarded in the envi-
ronment, with or without alteration. In 2013, 32% of the
78 million tons of plastic waste ended up in the environ-
ment [7]. Biopolymers appear to be a suitable alternative for
petrochemical polymers in several applications. Among all
bioplastics used worldwide in 2010, polylactic acid (PLA)
had the second-greatest volume of consumption [8]. It is a
biodegradable polyester derived from renewable resources,
and thanks to its thermoplastic behavior and good process-
ability, it has already emerged widely in various packaging
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applications such as bottles, films, and cups [9]. By impart-
ing certain qualities to PLA, such as conductivity [10], anti-
microbial properties [11] and UV resistance [12], it has been
the focus of numerous studies in recent years. However, in
most cases, thermoplastics do not possess the properties
required for the adsorption of certain types of water pol-
lutants. These are mostly based on either chemically cross-
linked systems with the absence of reusability [13, 14] or as
a hybrid particle systems [15, 16]. Mixing thermoplastics
with other polymers or fillers is necessary to ensure their
suitability for water treatment. To enhance the physical and
adsorption properties of PLA, polymers (PEG, PPG) [17],
charged conductive polymers (polyaniline (PANI), polypyr-
role (PPy)) [18, 19], fillers (graphene oxide [20], activated
carbon [21], silicone dioxide [17], carbon fibers (CFs) [22],
carbon nanotubes [23]), and other additives are commonly
used.

PANI has garnered significant attention worldwide due
to its simple preparation, good electrical conductivity, and
environmental stability [24, 25]. Moreover, aniline has
recently been derived from biomass [26] instead of a pet-
rochemical precursor through sugar fermentation [27] and
commercialized by Covestro company. The PANI chain
interacts efficiently via amine and imine functional groups
with organic dye molecules, facilitating their removal from
wastewater. Recently, many published studies have reported
the use of PANI and its composites as efficient adsorbents
for water treatment and purification from organic impurities
[1, 28-32]. However, the combination of PLA with PANI
results in deterioration of mechanical properties [33, 34].
Therefore, it is crucial to figure out an appropriate method
for boosting PLA strength when paired with PANI filler.

Recent years have seen a number of studies conducted
on thermoplastic/thermoset composites reinforced with car-
bon fibers (CFs) as a reinforcing filler through ex-situ pro-
cessing [35, 36], because of their exceptional mechanical
qualities, unique surface chemistry, high biocompatibility,
and biodegradability. One of the most common sources for
CFs production is lignocellulosic biomass. Cotton-based
CFs (CCFs), with its hollow structure, can improve the elec-
trochemical properties of the host material when applied as
active fillers. Additionally, its application in wastewater
remediation due to their high surface area [37]. It was found
that incorporating high surface area functionalized fillers
into polymers can effectively remove cationic organic pol-
lutants from waste water [38—41]. S. J. Peighambardoust
et al. investigated the effective removal of Malachite green
dye using prepared carboxymethyl cellulose (CMC)/mont-
morillonite (MMT) nanocomposite hydrogels [42].

The main objective of this work was to develop a feasible
approach for effective organic dye removal using compos-
ite films based on renewable thermoplastic polymer such as
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PLA, with ability to be reprocessed/recycled. It was com-
bined with PANI and CFs to obtain material with high dye
adsorption capacity, good viscoelastic properties and elec-
trical conductivity. Malachite Green (MG), a cationic dye,
was studied for its removal efficiency by the PLA/PANI/
CFs composite films. The effect of CFs loading on the elec-
trical conductivity of PLA/PANI/CFs composite films was
systematically surveyed, and the thermal properties of com-
posites were estimated. The effects of pH and concentration
of MG dye on the adsorbent efficiency were investigated.
Additionally, kinetics, equilibrium as well as thermodynam-
ics for the adsorption of MG dye onto the composite films
were studied. Finally, the effect of adsorption of MG dye on
changes in conductivity of the PLA/PANI/CFs composite
film was proven.

Materials and Methods
Materials

Commercial polylactic acid (PLA) pellets used for the
preparation of film matrix were supplied from Panara, s.r.o.
(Nitra, Slovakia) (M, = 89 kDa). The precursor for carbon
fibers (CFs) used in this study is non-sterile waste cot-
ton (WC) (MISR MEHALLA A.R.E.; Egypt). Nitric acid
(HNO;), dimethylsulfoxide (DMSO), ammonium persul-
fate (NH,),S,04; APS), tetrahydrofuran (THF), and aniline
(ANI) monomer were gained from Sigma-Aldrich company
(Weinheim, Germany). Aniline monomer was distilled
under vacuum before utilization. Malachite green (MQG)
dye (CID: 11294; chemical formula: C,;H,sCIN,; molecu-
lar weight: 364.91 g/mol; maximum wavelength: 617 nm)
was purchased from Sigma-Aldrich company. All chemicals
were of analytical grade and used as received without fur-
ther purification unless otherwise stated. The synthesis of
PANI and the preparation of carbon fibers (CFs) from waste
cotton are described in SI.

Elaboration of PLA-Based Composites

To fabricate ex-situ PLA-based composites, a PLA stock
solution with a concentration of 100 mg/mL was prepared
using THF solvent. A pure PANI solution (100 mg/mL) or a
PANI solution (100 mg/mL) containing CFs (10, 30 and 50
mg/mL) was dispersed separately or added continuously in
THEF, followed by sonication in an ultrasonic bath for 1 h.
Then, the PLA solution was mixed with equal volumes of
the dispersed solutions of THF/PANI and THF/PANI/CFs to
achieve a final PLA concentration of 50 mg/mL. The com-
posite solutions were homogenized employing an ultrasonic
processor/homogenizer (UP 400 S with 50% amplitude and

0.5 cycle) in an ice bath. The solution containing a ratio of
the PLA solution/PANI solution (1:1) was labeled as PLA/
PANI. Composite solutions containing PANI and CFs at dif-
ferent CFs loadings were termed PLA/PANI/CFs, ; for 10
mg/mL, PLA/PANI/CFs ; for 30 mg/mL, and PLA/PANI/
CFs, s for 50 mg/mL of CFs, while the PLA stock solution
without additives was nominated as neat PLA. All ratios
were considered based on PLA.

Formulation of PLA-Based Films

Films made from PLA were created using the solvent cast-
ing technique. After assembling PLA-based composites
with various ratios, the composite solutions were dropped
onto a glass sheet with a diameter of 4 cm and stored at
room temperature for 24 h. The created films were removed
from the plate by dipping into deionized water once the
THEF solvent had evaporated [43, 44].

Characterization

The ultraviolet-visible absorption spectrum of the prepared
PANI was measured using a UV-spectrophotometer (Type
UV-2401PC) at room temperature in the region of 200-900
nm, with (DMSO) as a solvent and reference.

Thermo Scientific, Madison, WI, USA, equipped with an
ATR attachment with a Ge crystal, was used to capture the
FTIR spectra. The FTIR spectra were obtained with a reso-
lution of 4 cm ™! in the region of 4000 to 650 cm ™.

Scanning electron microscopy (SEM) using a JSM Jeol
6610 at an accelerated voltage of 15 kV was adopted to
investigate the sample morphology. Just before the exami-
nation, a thin coating of gold was sputtered onto the samples
to provide the required conductivity. AzTec software was
applied to gather data and analyze the findings.

DSC measurements were performed using a Mettler-
Toledo DSC 821e differential scanning calorimeter under
nitrogen environment. In the region of 0-200 °C, the DSC
measurements were conducted at a heating rate of 5 K
min~'. Before quenching and heating the samples to 200 °C
at a rate of 5 K min !, the samples were initially heated to
200 °C to remove any prior thermal history. The glass tran-
sition temperature, measured at the onset of the step and at
the midpoint of the specific heat increment, was calculated
as the intercept between the baseline before the transition
and the steepest tangent to the step. The melting and crystal-
lization temperatures were chosen as the maximum values
of the corresponding melting and crystallization endo- and
exotherms.

Mechanical properties of the PLA-based films were
investigated using a Dynamic Mechanical Analyzer
DMAQ800 (TA Instruments, New Castle, DE, USA) at a
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temperature range from —20 °C to 150 °C. A relatively low
heating rate of 3 °C per minute was applied. Tensile mode
with a frequency of 1 Hz with 20 um strain deformation was
applied. Two important quantities, such as storage modulus
(E’) and damping factor (tan §), were calculated for three
individual measurements for each type of material.

The four-probe method, following the van der Pauw
technique, was implemented to assess the electric resistivity
and recalculated the electrical conductivity of the prepared
films at room temperature using a high-precision electrom-
eter (Keithley 6517B, USA).

The specific surface area (Brunauer—Emmett—Teller
(BET) method) and the pore features of the synthesized
films were evaluated by adsorption—desorption of N, at
77 K with a surface area analyzer model (BEL-Sorp-max,
MicrotracBel Crop, Japan).

Results and Discussion
Spectral Characterization

Figure 1 shows the FTIR absorption bands of pure PLA,
PLA/PANI and PLA/PANI/CFs 5 films. For PLA pellets,
the absorption spectrum exhibits representative frequencies
for C=0, —CH; asymmetric, -CH; symmetric, and C-O,
at 1756, 2995, 2946 and 1080 cm™ !, respectively (Fig. 1a).
Bending frequencies for asymmetric and symmetric (—CHj)
have been verified by the two frequencies at 1457 and 1363
em !, respectively [45]. After adding PANI to PLA, a new
peak frequency appears at 3200 cm ™!, which can be assigned
to the hydrogen bonding from amine groups of PANI (Fig.
1b), similar to what is observed in the FTIR of pure PANI
(Fig. S3). In addition, the quinonoid and the benzenoid moi-
eties’ stretching vibrations can be observed at 1557 cm!
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Fig. 1 FTIR spectra of (a) PLA pellets, (b) PLA/PANI film, and (¢) PLA/PANI/CFs 5 film
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and 1482 cm™!, respectively [46]. The absorption band at
about 1300 cm ™! in the spectrum corresponds to m-electron
delocalization induced in the PANI polymer (polaronic
structure), confirmed by a peak at 800 cm™'. A small shoul-
der located at 1150 cm ™! from the vibration mode of the —
NH" structure and C—N stretching bonds at 1058 cm ™! [47],
visible in the spectra of pure PANI (Fig. S3), are overlapped
by signals from PLA in the PLA/PANI blend. The addition
of CFs to the PLA/PANI resulted in FTIR spectra almost
identical to those of PLA/PANI (Fig. 1c¢).

Morphology of Fabricated Samples

SEM was performed to visualize the topographic details on
the fiber surface to study the impact of carbonization tem-
perature on the morphology, diameter, and carbon content of
fabricated CFs. As depicted in Fig. 2a, the produced fibers
have a spiral structure with an average diameter of 5—-8 um,
consistent with the diameter cited by Shuguang Wang et al.
[37], without any deformation of the assembled fibers after
high-temperature carbonization. It also declared the typi-
cal hollow structures of the CFs produced from twisting of
grown fibers [48].

The hollow structure enhanced the CFs’ specific surface
area [49]. This benefit was significant when CFs were oper-
ated as electrodes for super-capacitors because the inner
surface could aid in charge storage [37]. Based on the SEM
image, the wall thickness of CFs was estimated to be 850
nm. The EDX analysis of the produced CFs (Fig. 2b) shows
that the material mainly consisted of carbon with an atomic
fraction of 65%, followed by oxygen with an atomic frac-
tion of 35%.

SEM was used for morphological analysis to estimate
the PANI and CFs distribution throughout the PLA matrix.
The micrographs are demonstrated in Fig. 3. Figure 3a evi-
dences that the prepared PANI particles appear as grains
varying from spherical to elongated shapes, interconnected
heterogeneously with irregular diameters (2—7 um). Figure
3b shows that the neat PLA film exhibited a smooth sur-
face. After the insertion of PANI particles, the morphology
changes to porous (Fig. 3c), showing a homogeneous cov-
ering of the PANI particles by PLA chains, probably due
to H-bonding observed in FT- IR spectra at 3200 cm .
The porosity decreased after the addition of CFs. For
lower loadings of CFs (PLA/PANI/CFs;, and PLA/PANI/
CFs,3), quite smooth surfaces were obtained, confirming
homogeneous coverage of the CFs and PANI particles by
PLA polymer (Fig. 3d and e). The smooth surface may also
result from the effect of THF solvent, with which PANI
and CFs can interact well. This leads to a good distribu-
tion of PANI and CFs in the PLA matrix. The good disper-
sion was attributed to effective interfacial adhesion between

PLA and the inserted fillers. With higher CFs content (PLA/
PANI/CFs 5), small amounts of agglomerated CFs can be
observed (Fig. 3f). This result shows that the fibers cannot
be distributed appropriately in the matrix when included at
high portions because of their tendency to aggregate.

DSC Measurements

Differential scanning calorimetric (DSC) curves for PLA-
based films were derived from both the first heating/cooling
cycle and the second heating cycle to eliminate the thermal
history of the samples [50]. The outcomes of thermal transi-
tion properties for PLA-based films, comprising the glass
transition temperature (7,), cold crystallization tempera-
ture (7;.), melting temperature (7,,), and enthalpy (AH,,),
are demonstrated in Table 1; Fig. 4, Figs. S5 and S6. The
DSC thermograms exhibited two peaks in both the 1st and
2nd heating runs for neat PLA and PLA/PANI samples: the
first for 7, and the second for 7;,. As can be seen in Table
1, the addition of PANI shifts 7, to slightly higher temper-
atures, with almost no effect on T,,. The incorporation of
PANI decreases the movement of PLA chain segments due
to interfacial interactions through hydrogen bonding, thus
acting as a barrier for relaxation processes [51]. On the other
hand, PANI positively affects the crystallization of PLA,
as indicated by AH,, values. In the 1st run, the consumed
heat during melting is higher when recalculated to PLA
content (34.2 Jg~! for neat PLA and 43.2 Jg! for PLA in
PLA/PANI). The difference in crystallization can be clearly
seen from the 2nd heating run, where the AH, value for neat
PLA was significantly lower due to the fast cooling process,
which did not allow sufficient crystallization. In contrast, in
the presence of PANI during the 2nd heating run, the AH,,
value reached almost 75% of the AH,, value from the Ist
run, proving facilitation of crystallization even during fast
cooling.

Incorporation of CFs into PLA/PANI blends led to
decrease in T}, indicating possible partial disruption of the
PLA/PANI interactions. In addition, a third peak appeared
during the 2nd heating runs, typical for cold crystallization
(T.). The overall crystallinity slightly decreased compared
to PLA/PANI, but AH,, values in the second runs were still
higher than those determined for neat PLA. Observation of
T,. is typical for the composites where the filler acts as a
nucleating agent, promoting the formation of crystals at the
polymer/filler interface [52].

Dynamic Mechanical Thermal Analysis
The viscoelastic properties of neat PLA, PLA/PANI, and

its composite films filled with CFs were evaluated using
DMTA. The behavior of the damping factor (tan J) and
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Fig.2 (a) SEM, and (b) EDX with histogram diameter graphs for prepared CFs

storage modulus (E’) for all samples is compared in Fig. 5 (a
and b), respectively. The concept of miscibility in thermo-
dynamics is characterized by the existence of a single phase
on the molecular level, represented by the single peak of
the tan J curve [53], which results from the transition of the
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polymer backbones from the glassy to rubbery state. This is
generally determined as the peak value where the damping
factor reaches its maximum, as revealed from Fig. 5a of the
prepared films. The figure indicates that in all cases, there is
a single 7, peak, implying that the system is homogenous.
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Fig.3 SEM micrographs of (a) PANI particles, (b) Neat PLA film, (¢) PLA/PANI film, (d) PLA/PANI/CFs, ;, (e) PLA/PANI/CFs 5, and (f) PLA/
PANI/CFs, 5 films
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Table 1 Thermal properties of PLA-based films determined from DSC
and DMTA, such as cold crystallization temperature (T,.), melting
temperature (T ), enthalpy (H ), and glass transition (T,) temperature

Sample DSC DMTA

T, 1,00 4H,(g) 1, T,
(°C)* 1Istrun/ lstrun/ (°C)* (°C)
2nd run  2nd run
PLA - 153.1/ 342/70 60.6 61.3
151.5
PLA/PANI - 153.6/ 21.6/159 63.6 68.6
150.3
PLA/PANI/CFs,, 119.2 1534/ 21.1/122 613 595
149.9
PLA/PANI/CFs;; 1258 152.6/ 17.6/103 614 53.0
150.0
PLA/PANI/CFs,s 123.6 151.7/ 154/11.5 614 532
149.9

#determined from the second heating run

According to recorded DMTA data, the 7, values of neat
PLA, PLA/PANI, and PLA/PANI/CFsy 3. o5, films were
observed at 61.3 °C, 68.6 °C, 59.5 °C, 53 °C, and 53.2 °C,
respectively. The trend of 7, values corresponds well with
the DSC results. However, while the neat PLA film has a
similar 7, value as measured by DSC, after mixing with
PANI and in the presence of CFs, some differences in values

were observed. The T, of the PLA/PANI film shifted to a
higher temperature, manifested by significant broadening of
the glass transition region and a drop in the tan J maximal
intensity as a result of the incorporation of PANI particles
into the polymer matrix, accompanied by decreased polymer
segments mobility. The addition of CFs caused a decrease
in the maximum 7}, peak, shifting it to lower temperatures
compared to neat PLA and PLA/PANI films. The addition
of CFs seems to disrupt the PLA/PANI interactions without
forming new interactions between the CFs and PLA, thus
making PLA chains more mobile.

Figure 5b shows the dependence of E’ on temperature
for all prepared samples. The changes in E’ are generally
related to the interfacial adhesion within polymer multi-
phase systems, as well as mutual interactions of particles,
and provide information about material stiffness. The neat
PLA film shows a plateau of E’ with the highest value at
25 °C before a sharp decline, indicating a transition from a
glassy to a rubbery state [54, 55]. The addition of PANI into
the PLA polymer structure led to a sharp decline in the E'
modulus in the glassy region (at 25 °C) before T, attributed
to the reduction of strong inter-chain interactions between
regularly arranged PLA chains. The incorporation of CFs
into PLA/PANI led to slight increase in E' compared to the

——PLA
»; : —— PLA/PANI
£ —— PLA/PANI/CFsy 4
;_ 5 : : ——— PLA/PANI/CFs 3
2 ; Tc =119.2°C : —— PLAIPANI/CFsg g
[rey ' £ 3
- Tg=61.3°C ;
I :
j - z
Tgi=61.4°C
Tg=614°C |
| é Tm=149.9 °C
L) I L I E ¥ I g T b l. 1 T T 3 I g 1
20 40 60 80 100 120 140 160 180 200

Temperature (°C)

Fig.4 2nd heating run from DSC thermograms of PLA-based films
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Fig.5 Evolution of (a) damping factor (tan ), and (b) log storage modulus (E’) with temperature for fabricated PLA-based films

unfilled blend due to the reinforcing effect of CFs, as is
commonly observed for composites [S6—58].

Electrical Conductivity Measurements

Major factors affecting polymer conductivity include chain
length, chain ordering, and the degree of polymer conjuga-
tion [43]. It is likely that the addition of PANI and CFs to
the composite will affect the electrical conductivity of fabri-
cated PLA-based films. To analyze this effect, the electrical
conductivity of PLA-based composite films with different
CFs loadings was evaluated, as obvious in Fig. 6. As antici-
pated, the PLA film is a non-conductive polymer; however,
the contribution of PANI in the PLA composite can provide
the PLA/PANI film with conductive function (107 S/cm).
This denotes that by positioning PANI between PLA chains,
considerable electrical conductivity is achieved in the film
[43]. The mobile carriers generated by the m-electronic
system are responsible for PANI’s electrical conductiv-
ity. An electric charge is created in the polymer chain by
the removal of electrons from the valence band (positive
charge) or the incorporation of electrons into the conduction
band (negative charge), resulting in a significant change in

the arrangement of atoms at the charge site and, ultimately,
a change in electrical conductivity [59].

Figure 6 shows the increase in conductivity of PLA/
PANI/CFs films regarding the CFs content. Carbon is the
primary constituent of carbon fiber, and its molecular struc-
ture is similar to that of graphite. Because of this, it behaves
like a metal with exceptionally high electrical conductivity
[60]. The potential of graphite to conduct electricity is due
to the existence of delocalized and free electrons on gra-
phene sheets [61]. The conjugated system in CFs is stacked
irregularly and amorphously, creating turbostratic layering.
The gap between these sheets in a turbostratic layer arrange-
ment is greater than that seen in graphite [62]. Filling the
space between the fibers of CFs with PANI can boost electri-
cal conductivity. It acts as an amplifier, facilitating electron
movement by providing a channel for electrons to travel to
neighboring conjugated sheets, thereby improving electrical
conductivity.

Although the presence of CFs boosts electrical conduc-
tivity, an excess of CFs in the samples might slightly reduce
it [44]. Conductivity data suggests a minimal ratio of CFs
must be maintained in the PLA matrix to facilitate electron
transport, with conductivity declining beyond this point.
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Fig. 6 Electrical conductivity of
PLA-based films as a function of -2
CFs content

log ¢ (S/cm)

T
PLA

PLA/PANI/CFs, 5 presents the highest conductivity of 107
S/cm, which is slightly reduced in PLA/PANI/CFs, 5. Thus,
PLA/PANI/CFs films can serve as a cost-efficient electri-
cally conductive material for device assembly techniques.

Effect of Various Factors on Adsorption

To surpass the mass transfer barrier of adsorbate particles
among the aqueous and solid phases, it is essential to con-
sider the initial dye concentration [63]. With a contact
period of 60 min, a pH of 7, and a temperature of 20 °C,
the percentage removal of dyes declined as the initial dye
concentration rose from 50 to 100 mg/L, as obvious in Fig.
7a. This may be due to the filled active sites on the adsorbent
surface and the increased mass transfer resistance attributed
to higher adsorbate concentrations.

The pH of the solution is a key variables that severely
impacts the adsorption conduct. It also affects the adsorbate
standards, extent of ionization, and surface charge of the
adsorbent material [64]. Since MG stability changes with
pH, its pKa (6.9) [65] influences its behavior in the envi-
ronment. Therefore, the sorption survey was conducted at
pH levels between 2 and 7, where MG dye is stable and
appears in colored form (green) [66], while maintaining an
initial dye concentration of 50 mg.L ™" at room temperature
to explore the effects of pH. Figure 7b illustrates the cor-
relation between the variation in pH of the solution and the
amount of dye extracted by each studied PLA-based biosor-
bent film. The biosorption (%) of MG increased from 40.2,
22.8, and 49.2% to 98.2, 96, and 98% for PLA, PLA/PANI,
and PLA/PANI/CFs,;, respectively, with increasing pH
from 2 to 7. The limited biosorption of MG in very acidic
solutions suggests a positive charge buildup on the biosor-
bent, preventing MG from adsorbing effectively [67]. The
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biosorbent surface becomes negatively charged as the pH of
the solution rises, strengthening the electrostatic attraction
between the positively charged MG cations and the PLA-
based biosorbent film.

As illustrated in Fig. 7c, the adsorptive removal of dye
onto produced adsorbents was assessed by adjusting the
process duration from 5 to 60 min in 5-min intervals at an
initial dye concentration of 50 mg/L, a solution pH of 7,
and an adsorption temperature of 20 °C. When the contact
period is extended up to 30 min, the adsorption increases
quickly. This suggests that there was sufficient dye concen-
tration in the solution to fill the adsorbent’s empty active
surfaces [68]. Nevertheless, after 30 min of contact time,
the removal efficiency increased slowly up to 60 min, denot-
ing a lack of accessible active sites on the adsorbent surface
as the adsorbate tends to desorb into the liquid phase [69].
Therefore, it can be inferred that 60 min is sufficient con-
tact time for the constructed adsorbent to achieve maximal
removal from the dye solutions under the specified experi-
mental conditions.

The adsorption process is significantly influenced by
temperature. The majority of the adsorption process is exo-
thermic, signifying that as temperature rises, the removal
percentage tends to decrease. Figure 7d demonstrates that
the percentage removal of MG dye declined as temperature
increased (20, 30, 40, and 50 °C). The greatest removal was
identified at 20 °C for an initial concentration of 50 mg/L
and a contact duration of 60 min with a pH of 7. The find-
ings indicated that the exothermic adsorption phenomenon
and low adsorption temperatures were optimal for the MG
dye to adsorb onto the produced adsorbents. At high tem-
peratures, the active sites on adsorbent surface enlarge, and
the dye molecules in the solution tend to return to the liquid
phases [70]. Additionally, growing Brownian motion and
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disruptions in the intermolecular hydrogen bonds between
the dye and the adsorbents occur as the temperature rises
[71].

Adsorption Equilibrium

An adsorption isotherm is commonly used to explain the
equilibrium between the adsorbent and the adsorbate. To
remove dye from eluents, it is imperative to determine the
conceptual layout of the adsorption system by establishing
the ideal correlation for the equilibrium curve. The equilib-
rium adsorption of MG dye (q, against c,) onto the prepared
samples can be observed in Fig. 8.

To ascertain the adsorption approach and MG dye removal
capability of the selected biosorbent films, Langmuir and
Freundlich isotherm models were employed. Figure 9 (a and
b) and Table 2 provide an overview of the correlation coef-
ficients determined by fitting the experimental adsorption

equilibrium data for MG removal by PLA-derived sample
systems using the previously described adsorption isotherm
models. According to the correlation coefficients (R?), the
findings showed that the Langmuir model fits the adsorption
process of MG onto biosorbent films effectively. The Lang-
muir isotherm model assumes that chemisorption processes
predominate with minimal physisorption and maximal
adsorption relevant to a saturated monolayer of adsor-
bate onto the adsorbent surface. The maximum adsorption
capacities towards MG were found to be 58.8, 54.3 and
60.1 mg/g adequately for PLA, PLA/PANI, and PLA/PANI/
CFs ;. The highest (Q.) was observed for PLA/PANI/CFs,, 4
owing to the broad and intense FT-IR negatively charged
bands, which enhance its surface functionalization for dye
removal via electrostatic bonds and high surface area mea-
surements. Moreover, the values of R; and (1/n) calculated
from Langmuir and Freundlich parameters were lower than
unity, signifying that the MG adsorption onto the samples
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was effective. Table 3 manifests the adsorption capacity for
MG removal of our equipped samples compared to other
adsorbents.

Kinetic Modeling of Adsorption Process

The kinetics of MG adsorption on the produced films offer a
spotlight on the entailed mechanism and rate-limiting stages,
i.e., whether the adsorption is mass transfer controlled or
reaction regulated. In this respect, there are various tools to
investigate the mentioned adsorption, such as pseudo-first-
order (PFO), pseudo-second-order (PSO), Elovich, intra-
particle diffusion (IPD), and liquid film diffusion (LFD)
kinetic frameworks. These are commonly utilized kinetic
models for researching solid-liquid interactions and rely on
adsorption capacity. Adsorption in the PFO kinetic model is
governed by the mass transfer of the adsorbate to the loca-
tion where actual adsorption takes place, while chemisorp-
tion is the rate-limiting stage in the PSO kinetic model [79].
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The initial concentration of MG dye solution was 50 mg/L to
reach optimum operating conditions for providing appropri-
ate rate constants. The plots for MG dynamic considerations
are showed in Fig. 10 (a, b). The adsorption capacity (q,)
and other important quantities such as k;, k,, a, B with sta-
tistical validation R? are presented in Table 4. If first-order
kinetics are concerned, a linear dependence among In(q.-q,)
and t should be visible from Fig. 10. The values of k; and
equilibrium adsorption capacity (q,) were derived from the
intercept and slope of the plots (Fig. 10a). The q. values
were consistent with the literature [80]. Furthermore, the
PFO model exhibits a correlation coefficient (R?) with very
high values for the adsorption of MG molecules, close to
unity [81]. Thus, the PFO model of PLA-derived films pro-
vides a better correlation for MG dye molecules. Notwith-
standing, the correlation between dye concentration and the
rate of adsorption exhibits non-linear behavior for the PSO
model (Fig. S7). Since there is a relatively high difference
between the R? coefficients for theoretical calculations and
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Table 2 Langmuir and Freundlich isotherm constants for MG dye biosorption onto selected samples

Adsorbent Langmuir isotherm model Freundlich isotherm model
q, (mg/g) Ky Ry R? 1/n Ky R?
(L/mg)
PLA 58.8 1 0.02 0.9976 0.28 19.8 0.2934
PLA/PANI 54.3 0.44 0.04 0.9909 0.26 25 0.3384
PLA/PANI/CFs; 4 60.1 0.74 0.03 0.9955 0.24 26.4 0.33912

real experiments, it demonstrates that the MG dye mol-
ecules cannot be dedicated to PLA-derived films with the
reaction mechanism of a second-order kinetic model.

As previously stated, the Elovich equation describes
adsorption behavior that concurs with the nature of chemi-
cal adsorption [82]. As seen from Table 4, R? values are high
(0.9365 to 0.9805), specifying that the adsorption process
obeys the Elovich kinetic model. Despite these high values,
they are comparatively lower than the findings from pseudo-
first-order kinetics (0.9727 to 0.9955). Table 4 lists that the
estimated values of a (initial adsorption rate) and the recip-
rocal of the desorption constant (1/8), which apparently

indicates the number of sites available for adsorption. This
suggests that the adsorption process is likely chemisorption,
and the number of sites available for adsorption remains
almost the same after modification with PANI and CFs [83].

The LFD model was implemented to investigate the
potential for external diffusion. It highlights a relationship
where values of -In(1-F) are linearly related to values of t
and the liquid film diffusion constant (K). Additionally,
q, showed linear dependence with values of t2, similar to
the rate constant K, for the intra-particle diffusion model
(Table 5). The entire curves exhibited linearity and a zero
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Table 3 Comparison of maximum adsorption capacities (q,,) reported
in the literature for MG dye adsorption and our PLA-based films

Table 4 Kinetic parameters and correlation coefficients for MG
removal by PLA-based films

Specimens pH T I References
(°C) _ (mg/g)

Banana pseudo-stem fiber 7 25 26.5 [72]
Pleurotus ostreatus (a 10 25 323 [73]
macro-fungus)

Wood apple shell 7.5 26 34.56 [74]
Rubber wood sawdust - 32 36.45 [75]
Activated carbon of fig leaves 10 25 51.79 [76]
PLA/PANI 7 20 543 This study
PLA 7 20 58.8 This study
PLA/PANI/CFs)4 7 20 60.1 This study
Rattan sawdust 9-12 30 62.7 [77]
Treated ginger waste 9 30 84 [78]

intercept value at the origin, indicating that liquid film or
IPD models designate the only rate-limiting phase [84].
Figures 11 (a and b) evidence that none of the plots
passed through the origin without the y-intercept, with a
high regression coefficient (R?). The negative y-intercept

Models Parameters PLA  PLA/PANI PLA/PANI/CFs,
Pseudo- q. (exp) 49.1 48 49
first-order  (mg/g)
R? 0.9878 0.9727 0.9955
K, (min™h)  0.11  0.085 0.07
q. (model)  60.3 50.3 54.7
(mg/g)
Pseudo-sec- R 0.6846 0.9595 0.9378
ond-order K, (g/ 35x 84x10* 34x10™
mg.min) 1074
q. (model) 84 65 81.4
(mg/g)
Elovich R? 0.9365 0.9637 0.9805
o (mg/g. 6 7 5.2
min)
B (g/mg) 0.06  0.07 0.057

for liquid diffusion model denotes the impact of high resis-
tance of external film diffusion [85, 86]. This is related to the
combined effect of film diffusion and intra-particle diffusion

E PLA e PLA/PANI A PLAIPANIICFso_3
(a) -
i
3_
- 2
et o
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g n-
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5
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Fig. 10 Linear fitting of (a) pseudo-first-order, (b) Elovich kinetic models
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Table 5 Mass transfer parameters and correlation coefficients for
removal of MG onto PLA-based films

Intra Particle Diffusion Liquid Film
Model Diffusion
Model
K4 (mg/ gmin®®)  C R? Ky R?
(min™")
PLA 7.2 0.61 0.822 0.076 0.9445
PLA/PANI 5 12.4 0.9298 0.094 0.979
PLA/PANI/ 7.4 —4.4 09384 0.093 0.969

CFs 3

with surface reaction control [86—88], which authenticates
the difficulty in identifying the sole rate-determining step.

Thermodynamic Studies

A range of temperatures (293, 303, 313, and 323 K) was
employed to examine the MG dye sorption onto PLA-based
biosorbents. The values of AH® and AS® can be estimated
from the slope and intercept of the plot of InK vs. 1/T (Fig.

12), which are presented in Table 6. The fabricated biosor-
bents disclosed an exothermic reaction with the MG dye, as
the process is stimulated by a decrease in temperature. This
was verified by the negative results of AH® (—80.3, —52.3,
and —74.3 kJ/mol) for PLA, PLA/PANI, and PLA/PANI/
CFs;, respectively. The solid/liquid interface decreas-
ing randomness during the adsorption process is exhibited
through the negative entropy value (-AS°) [89]. As well, at
the designated temperatures, negative values of AG® illus-
trated that the MG dye adsorbed onto the adsorbents spon-
taneously [90].

BET-Analysis

The Brunauer-Emmett-Teller (BET) diagnostic criteria were
employed to ascertain the specific surface area (Sppy) of the
evaluated films. Furthermore, pore size distribution (PSD)
curves corresponding to each sample were gathered using
non-local density functional theory (NLDFT). The results
are presented in Fig. S8. From Sy measurements, it can be

m PLA e PLA/PANI A PLA/PANI/CFsg 5

(a) 50 —-

40

L

Time (min)

Fig. 11 (a) Intra-particle diffusion, and (b) liquid film-diffusion modeling of PLA-based films
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Fig. 12 Vant Hoff equation for
adsorption performance of MG dye 4.0
on fabricated films . L
= PLA
3.5 4 e PLA/PANI
A PLAPANICFsy 4
3.0 +
2.5+
X
I 2.0 4

1.5 -

1.0 -

0.5

0.0 T T v T J T T T T T ? T T T v

0.00305 0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340 0.00345
-1
AT (K™)
Table 6 Thermodynamic specifications for the adsorption of MG dye on prepared films
Adsorbent AH° AS° AG°®
(KJ/mole) (KJ/mole.K) (KJ/mole)
293K 303K 313K 323K

PLA —80.3 —0.24 9.1 —6.7 —4.2 -1.8
PLA/PANI —52.3 —0.15 =1.7 —6.2 -4.7 -3.2
PLA/PANI/CFs) 4 —74.3 —0.23 —4.5 —5.2 -2.9 —0.7

observed that the surface area is 2.1 m%.g"! for PLA; how-
ever, there is an increase with the other prepared films, PLA/
PANI (4.7 m?/g) and PLA/PANI/CFs, 5 (7.7 m*/g). The dis-
integration and structural modification of PLA during the
preparation of biocomposites are the main reasons for the
increased surface area [91], with greater porosity result-
ing from the development of PANI and CFs, as depicted by
SEM images [92]. The generated film’s small surface area
suggests blocked pores with little access to N, gas. The pore
size distribution curves clarify the mesoporous nature of
prepared films with pore diameters of 9.7, 19 and 8 nm for
PLA, PLA/PANI and PLA/PANI/CFs, 5, respectively.
Figures 13 (a and b) present the correlation between
surface area (Sggyp) with the removal (%) of MG dye and
the electrical conductivity of the three selected films. The
removal efficiency of MG dye in each sample shows an
inconsistent relationship with the Sgpy factor (Fig. 13a),
where PLA with the lowest Sggr reveals the highest R%
under optimum conditions for MG dye adsorption (T. 20
°C, [MG] 50 mg/L, time 60 min, and pH 7). However, with

@ Springer

increasing Sgpr for PLA/PANI, the R% decreased, and
with incorporating CFs, it increased again. As a result, the
removal of MG dye primarily depends on the functioning
of the films and mechanisms generated by Van der Waals
forces, which can attract the contaminants, n-n stacking, and
electrostatic interactions rather than the overall porosity.

By contrast, Fig. 13b reveals that the Sy greatly affects
the electrical conductivity of the produced films. Films with
a larger surface area may support a greater degree of expan-
sion of the graphene sheets, increase the gap, allow more
space for filling PANI, and lead to a greater chance of boost-
ing electrical conductivity [93].

Regeneration Study

One of the most important aspects of economically viable
water treatment was the reusability tests conducted on the
PLA-based biosorbent films [94]. Washing the previously
used adsorbents multiple times with double-distilled water
revived them. The final adsorbent was dried at 80 °C and



Journal of Polymers and the Environment

—
)
g

8__ ] ] o8
7
6 ‘
NE 54 . n - 97 ,;E
' R
s
" 3_- - 96
2 m .
PLA PLA/PANI PLA/PANl/CFSO_3
(b) |
8—_ - -0
7 - m ] _
56—- - - -5 8
N 7 i —
E °7 = 3
i —-10
] @
» 37 g
2 - | --15 =
PLA PLA/PANI PLAIPANI/CFSO_3

Fig. 13 Effect of the change of Sz (m%/g) on (a) the removal efficiency (%) of MG dye, and (b) the electrical conductivity of prepared films

reapplied up to six cycles at room temperature to decon-
taminate MG dye ([MG] 50 mg/L, pH 7, 60 min adsorption
duration). The experimental data (Fig. 14) suggested that
MG dye adsorption became somewhat less efficient as the
number of cycles increased, indicating that H,O regenera-
tions had high recycling features. Throughout the first three
regeneration cycles, MG biosorption capability was main-
tained at around 47 mg/g. After six consecutive cycles, the
adsorption capacity of MG for PLA, PLA/PANI, and PLA/
PANI/CFs, 5 is 45, 43.8, and 44.8 mg/g, respectively. Con-
sequently, PLA-based films can be exploited as an effective,
affordable, and recyclable biosorbent to treat wastewater
containing MG dye.

Effect of MG Concentration on Electric Conductivity
Finally, the potential applicability of the PLA/PANI/CFs 4

composite film as a sensor for MG concentration was inves-
tigated. The change in electrical conductivity of the film

after adsorption of MG from solutions with various concen-
trations was determined. As clearly seen from Fig. 15, while
the conductivity for the non-conductive PLA-film is neg-
ligibly affected by MG concentration, the conductivity of
PLA/PANI/CFs 5 as a potential sensor decreased progres-
sively with dye adsorption.

The decrease in conductivity is most likely caused by the
disruption of the conducting pathways in the PLA/PANI/
CFs, 5 after MG adsorption. The observed changes in the
sample’s conductivity are promising proof of concept for
further investigation of PLA-based conductive composites
to potentially be used as dye detection sensors. It should
be noted that under real environmental conditions, the con-
centration of the dye is usually significantly lower than the
concentrations tested here. However, considering the high
adsorption efficiency of MG below a concentration of 50
mg/L (see Fig. 7a), over time, a sufficiently high amount
of MG will be adsorbed from the environment to affect the
conductivity of the adsorbent film. Moreover, the decrease
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in conductivity can signal the need to replace or regenerate
the adsorbent to remain fully active in adsorption additional
MG from water.

Conclusion

The present study describes the preparation of PLA-based
films and their investigation as adsorbents for malachite
green dye. In addition to pure PLA film, PLA/PANI blend,
and PLA/PANI/CFs films with various CFs contents (1:1:0.1,
1:1:0.3, and 1:1:0.5) were prepared by ex-situ processing. A
smooth film surface was stimulated by PLA/PANI/CFs, ;,
as evidenced by SEM micrographs. The hollow spiral CFs
act as a nucleating agent, improving thermal stability, boost-
ing the mobility of the amorphous phase, and increasing the
storage modulus of PLA/PANI films. The prepared blend
and composite films showed an increase in Sgpp compared
to pure PLA. The increased Sppt was accompanied by an
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increase in electric conductivity, reaching the highest value
of around 107* S/cm for PLA/PANI/CFs, 5 with Sgpr (7.7
m?/g). The PLA/PANI/CFs, ; composite film also revealed
a maximum adsorption capacity towards MG dye of 60.1
mg/g. Although a similar adsorption capacity was obtained
also for pure PLA film, the advantage of PLA/PANI/CFs,, 5
was proved in its potential applicability as a sensor, show-
ing a progressive decrease in electric conductivity with
increased concentration of MG in water. This work also
clearly showed that PLA-based films can be exploited as
recyclable biosorbents to treat wastewater containing MG
dye for at least six consecutive regeneration cycles.
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