View Article Online

View Journal

M) Cneck tor updates

Applied Polymers

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: G. Mahadevan
and S. Valiyaveettil, RSC Appl. Polym., 2025, DOI: 10.1039/D5LP00114E.

This is an Accepted Manuscript, which has been through the
RSC Royal Society of Chemistry peer review process and has been accepted
for publication.

Applied Polymers

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

o
-

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY

OF CHEMISTRY rsc.li/RSCApplPolym

(3


http://rsc.li/RSCApplPolym
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5lp00114e
https://rsc.66557.net/en/journals/journal/LP
http://crossmark.crossref.org/dialog/?doi=10.1039/D5LP00114E&domain=pdf&date_stamp=2025-08-01

Page 1 of 44

Open Access Article. Published on 01 August 2025. Downloaded on 8/9/2025 8:15:26 AM.

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

(cc)

RSC Applied Polymers

View Article Online

Structure — Function Correlation of Branched and Lineatoso/osirooise

Polyaramides for Removal of Pollutants from Water

Gomathi Mahadevan and Suresh Valiyaveettil*

Department of Chemistry, National University of Singapore
3 Science Drive 3, Singapore 117543
Email: chmsv(@nus.edu.sg

Abstract

Plastic wastes in the environment degrade and release smaller particles called microplastics
and nanoplastic particles. In this study, a series of polyaramides (PAs) are prepared with
different structural features and used to remove plastic nanoparticles and dissolved dyes. The
prepared PAs showed good thermal stability, high surface area, and negative zeta surface
potential, which were useful for the extraction of pollutants. Among the six PAs studied, PA3
showed the highest adsorption capacity of 342.54 mg/g towards cationic polyvinyl chloride
nanoparticles (PVC NPs) and dissolved dyes such as neutral red (NR, 323.57 mg/g) and
methylene blue (MB, 312.23 mg/g). The PA adsorbents were also able to remove multi-
pollutants successively from water. The adsorption isotherms, kinetics, mechanism, and
reusability were also thoroughly investigated. The anionic PVC NPs or dyes were not adsorbed
on the surface of the PAs and showed poor adsorption efficiency. The cationic pollutants were
removed from the water due to strong electrostatic attraction with the negatively charged PA
adsorbents. To understand the adsorption mechanism, the adsorption efficiencies of the
branched PAs (1-3, A3B2) are compared with linear PAs (4, 5, A2B2) and a model triamide
molecule (TA). PA3 showed high adsorption efficiencies compared to other polymers. After
extraction of pollutants, all used adsorbents were regenerated using dilute acid washings and
reused for pollutant removal from water with a minimum loss of efficiency. As a proof of
concept, plastic particles from a commercial facial scrubber were removed efficiently using the
PA adsorbents. Synthetic functional polymers offer potential solutions for removing emerging

pollutants such as plastic micro- and nanoparticles from water.

Keywords: Polyaramides, Adsorption, Nanoplastics, Dyes, Electrostatics interaction, Water

purification.
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Introduction

Plastic materials such as polymethylmethacrylate (PMMA), polyvinylchloride (PVC),
polyethylene terephthalate (PET), and polystyrene (PS) are widely used in households,
industries, and agriculture. Most of the used plastic materials end up in the environment due to
poor recycling and improper waste disposal methods. Plastic waste materials undergo slow
degradation in the environment and release microparticles (MPs, size of 5 mm to 1 um) and
nanoparticles (NPs, size of < 1 pum), which causes significant contamination of natural
resources.' Due to their high stability, plastic particles accumulate and contaminate the air,
water, and food chain.%” Recent reports have shown that microplastic (MPs) and nanoplastic
particles (NPs) induce toxicity in living organisms.®® A few methods such as filtration,'”
coprecipitation,'! and adsorption'? were used to remove plastic particles from the contaminated
water samples. Porous materials with large surface areas were used for the adsorption and
removal of heavy metal ions and micro- to nanosized plastic particles from water.'>!> Modified
coffee grounds,'® Surface-functionalized cellulose fibers,'>!” and metal-organic frameworks
(MOFs) were also used to remove plastic particles from spiked water samples.!® However,
challenges such as the poor stability of cellulose and the risk of toxic metal leaching from

MOFs limit their suitability for large-scale applications.

Synthetic polymers with enhanced pollutant removal efficiencies and environmental
stabilities are needed to solve water pollution.!2? Recently, Liu et al. reviewed the use of
three-dimensional covalent organic framework (3D COF) materials prepared from building
blocks with different geometries, such as building blocks and connection blocks with diverse
geometrical nodes, such as linear, triangular, quadrilateral, tetrahedral, and triangular prism
structures.”> The adopted synthetic route for such materials usually employs interface
polymerization.?*?3 In most cases, the reaction between aldehyde and amine functional groups
was used to form a rigid imine group as the key step for the formation of a crystalline 3D-

framework.26:27

Functionalized copolymers are widely used for pollutant removal from water due to
their high efficiency and recyclability.?® However, these materials often pose environmental
challenges post-usage, as waste membranes exhibit poor degradability. In contrast, aliphatic
polyaramides (PAs) are gaining attention as environmentally friendly alternatives, owing to

their biodegradable functional groups (e.g., amides and esters). These polymers find
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applications in energy production, storage, 3D printing, and biomedical materials.?’ ReCent s e

studies highlight their ability to adsorb heavy metal ions**3? and organic pollutants from
water,33-3* making them promising for wastewater treatment. Despite their advantages, a deeper
understanding of the adsorption mechanisms and structure-property relationships in synthetic

polymers is crucial for optimizing their practical applications.

Here we use a series of highly branched and linear polyaramides (PAs) for water
purification. A few important points of our approach include the selected PA networks are
insoluble in water, have a branched architecture (A3B2), large number of surface functional
groups, large surface area, and strong covalent framework with good chemical, mechanical,
and thermal stabilities. Multiple pollutants are used for the adsorption studies to demonstrate
the efficiency of the polymers. The current approach employs branched polyaramides (A3B2)
with a high density of surface functional groups, resulting in superior adsorption of cationic
pollutants compared to linear polyaramides (A2B2) and small molecular models. By focusing
on structural control and tailored functional groups, this design enhances electrostatic
interactions for effective removal of pollutants like microplastics and dyes, while maintaining
reusability and stability. This method is distinguished by its combination of insolubility, high
surface area, and selective adsorption within a polyaramide system. Three structurally different
diamines (B2), such as flexible ethylene diamine (EDA), linear rigid p-xylene diamine (PXA),
and bend m-xylene diamine (MXA) were used for the condensation with trifunctional trimesoyl
chloride (TMC, A3) or difunctional linear terephthaloyl chloride (TPC, A2) to obtain branched
(1 —3; A3B2) and linear (4, 5; A2B2) PAs (Scheme 1). A small molecular triamide (TA) was

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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prepared as a model compound to compare the adsorption efficiencies (Scheme 1). Full details

(cc)

on the synthesis, characterization, and applications of PAs 1 - 5 and TA are discussed along
with the adsorption and removal of a few pollutants, such as plastic nanoparticles (e.g. PVC
NPs), and dissolved dyes, neutral red (NR), and cationic methylene blue (MB) from water. The
isotherm and kinetic models were also investigated to understand the adsorption mechanism.
The adsorption efficiencies of PAs for multiple pollutants are explained based on the structures

and morphologies of the polymer backbone.
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Scheme 1. Synthesis route for PAs 1 — 5 and TA

\

Material and Methods

Chemicals and Materials

All chemicals were purchased from Sigma-Aldrich with the highest purity (> 99%) and
used without further purification. 1,3,5-Benzenetricarbonyl chloride (TMC), ethylenediamine
(EDA), triethylamine (TEA), p-xylene diamine (PXA), m-xylene diamine (MXA), methylene
blue (MB), neutral red (NR), cetyltrimethyl ammoniumbromide (CTAB), sodium dodecyl
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sulfate (SDS), polyvinyl chloride (PVC, MW =~ 120,000), dimethyl formamide (DME, HELC 555 E
grade) were purchased from Sigma Aldrich Ptd Ltd. The perylene-3,4,9,10-
tetracarboxytetrabutylester (PTE) dye was prepared using a reported procedure®> and
incorporated inside the polymer NPs for easy tracking.” Deionized water was used throughout

the experiments.

The FT-IR spectra (500 - 4000 cm™') of PAs before and after the polymer nanoparticles
(NPs) adsorption were taken using a Bruker ALPHA FT-IR spectrophotometer with KBr as
the matrix. Malvern Zetasizer Nano-ZS90 was used to measure the size and surface charges of
the PAs and NPs. A Discovery TGA instrument was used to perform thermogravimetric
analyses (TGA) of the samples, which were heated at a rate of 10 °C/min within the temperature
range of 25 °C - 1000 °C. A Shimadzu-1601 spectrophotometer was used to record the UV-
Vis spectra of each sample. The morphology of the synthesized PVC NPs and PAs was
examined using a JEOL JSM-6701F scanning electron microscope (SEM). A Bruker D8
Advance Powder Crystal X-ray diffractometer was used for checking the crystallinity of the
materials using Cu Ka radiation (A = 0.154 nm) within a 26 range of 5 - 70° and the source
operating at 40 kV and 40 mA. The surface areas of all PA samples were determined using
nitrogen sorption experiments using a Quantachrome Autosorb iQ C-XR instrument. The
optical images were captured using an EVOS M7000 microscope. Fluorescein isothiocyanate

(FITC) and differential interference contrast (DIC) filters were used to acquire the images. The

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

pore size, surface area, and pore volume were measured using N, adsorption isotherms at 77

K and 1 atm and analyzed by the Brunauer—Emmett-Teller (BET) method with a
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Synthesis of PAs from Trimesoyl Chloride (A3) and Diamines (B2).

Highly branched PAs 1 - 3 were synthesized using trifunctional trimesoyl chloride
(TMC, A3) and different difunctional diamines (B2) such as ethylenediamine (EDA, PA1), p-
xylene diamine (PXA, PA2) and m-xylene diamine (MXA, PA3), respectively, under ambient
conditions.’®37 In a typical procedure, TMC (0.5 g, 1.88 mmol) was dissolved in
dimethylformamide (DMF, 50 mL) and cooled to 0 °C. To this solution, a mixture of
triethylamine (2 mL) and the appropriate diamine (e.g. EDA or PXA or MXA, 2.8 mmol, 1.5
equ) dissolved in DMF (10 mL) was added dropwise within 30 minutes at 0 °C. The solution
was stirred at 0 °C for 30 minutes and warmed to room temperature overnight. The white solid
product obtained was filtered and rinsed with excess DMF, followed by water to remove all

soluble impurities. The white solid was dried in an oven at 65 °C for 24 hr and used for further

5
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characterization. Surface area and porosity measurements were conducted,, ysing) 4500 s

QUANTACHROME QUADRASORB-SI analyzer. For nitrogen (N,), measurements were
taken at 77 K and 1 atm, while for carbon dioxide (CO,), they were performed at 273 K and 1
atm. The surface areas, pore diameters, and pore volumes were calculated from the collected
isotherm data using the Brunauer-Emmett-Teller (BET) method. The data are plotted and

provided in the supporting information.

Synthesis of Linear PA from Terephthaloyl Chloride (A2) and Diamines (B2)

Bifunctional terephthaloyl chloride (TPC, 0.5 g, 2.43 mmol) was reacted with MXA or
PXA (2.46 mmol, 1 equiv.) to get linear polymers, PA4 and PAS5, respectively.’® All other
experimental conditions mentioned above were kept as same for synthesizing the linear
polyaramides, PA4 and 5. The white solids obtained were dried at 65 °C and used for further

characterization and adsorption of pollutants from water.

Synthesis of Triamide (TA)

Trimesoyl chloride (TMC, 0.5 g, 1.88 mmol) was dissolved in DMF (50 ml), and TEA
(1 ml, excess) was added along with an appropriate quantity of aniline (6.59 mmol, 3.5 equiv).
The reaction was conducted under conditions similar to those reported in the literature.’* The
TA was precipitated from water (200 ml) to get a white solid, filtered, washed multiple times
with water, and dried in an oven at 65 °C, which was used for further characterization. The
resultant TA is used for the adsorption of pollutants, and the results are compared with
polymers.

Preparation of Cationic and Anionic PVC Nanoparticles (PVC NPs)

PVC NPs encapsulated with PTE dye were synthesized and fully characterized to
evaluate the effectiveness of polyaramide networks for the adsorption of such plastic particles
from water.?>*° PVC NPs were synthesized using commercially available PVC (250 mg, MW-
120,000), PTE (12.5 mg, 5 wt % of polymer), and CTAB for cationic or SDS for anionic
surfactant (10 mg, 4 wt% of polymer) were taken in a standard flask (50 mL). Optically active
PTE dye was used to monitor and calculate the removal efficiency of PAs. The mixture was
dissolved thoroughly in THF (100 mL) through sonication. A portion (5 mL) of the polymer
stock solution in THF was poured into deionized water (50 mL) and stirred continuously
overnight to form monodispersed particles and to remove traces of organic solvent THF via
slow evaporation. The clear solution obtained was filtered through a cotton plug to remove
undissolved or large plastic debris. PVC NPs stabilized with CTAB are indicated as (+) PVC
NPs, and SDS-incorporated particles as (-) PVC NPs. Finally, UV-Vis spectroscopy,

6
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fluorescence spectroscopy, dynamic light scattering (DLS), and scanning electron pjicros¢opy ooorias
were used to characterize the NPs. The aqueous stock solutions of both NPs were stored at

room temperature in a glass bottle for adsorption experiments.

Extraction of NPs, NR, and MB dyes from Water Using PAs

The batch adsorption studies were carried out by mixing appropriate PAs (25 mg) with
(+) PVC NP solution at different concentrations (6 mL, 5 - 150 mg/L) and shaking the mixture
on a mechanical shaker at various time points (15 min — 300 min). The mixture was centrifuged,
and the supernatant was removed and analyzed using UV-Vis spectroscopy to estimate the
number of plastic particles left in the solution. This was followed by calculating the removal
efficiency and adsorption capacity for (+) PVC NPs. All experiments were done in three

replicates; the average value is given in the manuscript.

Similarly, separate batch experiments were performed to examine the adsorption of
molecular dyes, MB, and NR on PAs. In a batch experiment, an appropriate PA (25 mg) was
added to the dye solution (6 mL, 50 mg/L), and the mixture was continuously stirred at 350
rpm. The effects of variables such as contact time and concentrations were carefully examined.
The adsorption data of dyes (MB and NR) at various starting concentrations (5 — 150 mg/L)
and fixed concentrations of the appropriate PAs were used for checking the best isotherm

models, such as Langmuir and Freundlich isotherms.!!*! To determine the various Kinetic

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

parameters, the adsorption of dyes (MB and NR) on the PA surface from solutions at different

time intervals was measured using UV-Vis spectroscopy. All adsorption experiments were

Open Access Article. Published on 01 August 2025. Downloaded on 8/9/2025 8:15:26 AM.

performed three times at a neutral pH of 7, and the average value was reported. The percentage

removal efficiency of added pollutants (i.e. (+)PVC NPs, NR, MB) by PAs was calculated

(cc)

using the following equation (1).4!

Removal efficiency (%) = [%] x 100% (1)

where C, and Cy are the initial and the equilibrium concentrations of analytes in mg/L.

The adsorption efficiency at equilibrium (Q., mg/g) was calculated from the following equation

),

Q, = [Co=Cax V]

W (2)
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where V is the volume of the adsorbate solution (L), and W is the mass (g) of the RAs,us¢d: . o0 as

Adsorption and Kinetic Studies

Batch adsorption was used to obtain data for mechanistic studies using different kinetic and
isotherm models. Individual PAs (25 mg) were mixed with three positively charged adsorbate
((+)PVC NPs, NR, and MB) solutions (6 mL, 50 mg/L) at room temperature and shaken for
different time points (15 min — 300 min) using a mechanical shaker. The solutions were allowed
to settle for 3 min, centrifuged, and the supernatant was examined for the remaining adsorbent
using UV-Vis spectroscopy to determine the removal efficiency. For each set of conditions
(e.g. concentration of PAs and pollutants), triplicate experiments were carried out at a neutral
pH of 7, and the average value was reported. Pseudo-first-order and pseudo-second-order
kinetic models were used to study the adsorption kinetics of PAs with the analytes. Equations

3 & 4 represent the linear form of pseudo-first-order and pseudo-second-order kinetic models.*

In (Qe 'Qt) =In (Qe)'kl t (3)

t ot 1
Qe Qe  k2Q2

4)

where Q; (mg/g) indicates the adsorption capacity at time t, Q. (mg/g) refers to the adsorption
capacity at equilibrium, and k; is the pseudo-first-order rate constant (min-'). Based on the
slope and intercept of the linear curves, the values of k; and k;, and the adsorption capacities

were determined.

Isotherm Analysis

Appropriate PA adsorbent or TA (25 mg) was dispersed in adsorbate (PVC NPs, NR,
and MB) solutions (6 mL) at different concentrations (5 — 150 mg/L) and used for the
adsorption isotherm studies at room temperature. The adsorption experiments were conducted
three times at each concentration and a neutral pH of 7, and average values were reported. The

data were analyzed using both Langmuir*>** and Freundlich?° isotherm models.
The Langmuir adsorption isotherm is represented by the equation (5),*!

C C 1
Ce — Le 4 5
0. Qum @ Ki0m ©)
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where C. (mg/ L) represents the equilibrium concentration of adsorbate, Q. (mg/g) isothérooiiie
equilibrium adsorption capacity, K (L/mg) is the Langmuir adsorption equilibrium constant,

and Q,, (mg/g) is the maximum adsorption capacity.

The Freundlich adsorption isotherm is expressed by the following formula (equation 6).41:43
1
logg, = Elog Ce + logkp (6)

where c. is the concentration of the adsorbate (mg/L), n is the empirical parameter, and kg

(L/mg) is the Freundlich constant.

Effect of pH on Adsorption

The changes in the pH of the solution usually show a significant impact on the removal
rate. The study was done at pH = 2 (acid media), pH = 7 (neutral medium), and pH = 11 (basic
medium). Aqueous solutions of HCl and NaOH (0.1 M) were used to adjust the pH of (+)PVC
NPs, NR, and MB solutions to 2 and 11, respectively. Extreme care was taken to avoid any
precipitation or changes in the spectroscopic behavior of the dyes at various pHs used. The
other parameters such as contact time (2 h), adsorbent dosage (25 mg), pollutant concentration
(50 mg/L) and agitation speed (350 rpm), were maintained constant. All experiments were

conducted three times, and average values were reported.

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

Successive Adsorption and Removal of Multiple Pollutants
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The studies reported in the literature include one specific adsorbent used for removing

a pollutant from water. However, common environmental samples are contaminated with

(cc)

multiple pollutants, therefore, it is important to explore how a few pollutants are removed using
a single adsorbent. Here an appropriate amount (25 mg) of PA 1 —3 was used for the adsorption
of multiple pollutants successively at a neutral pH of 7. Positively charged PVC NP solution
(6 mL, 50 mg/L) was added to the PA, shaken for 2 h, centrifuged, and both the supernatant
and solid adsorbent were collected. The supernatant was analyzed using UV-Vis spectroscopy
to monitor the adsorption. The collected solid PAs with (+)PVC NPs adsorbed on the surface
were abbreviated as PA1/(+)PVC NPs; PA2/(+)PVC NPs; and PA3/(+)PVC NPs. The zeta
potentials of the PAs after adsorption of (+)PVC NPs were measured, filtered, dried at 65°C
for 12 h, and reused for adsorption of negatively charged (-)PVC NPs, followed by cationic

dye MB from solution using the same procedure described above. Thus, successive adsorption
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of positively charged (+)PVC NPs, negatively charged (-)PVC NPs, and cationic MB, dye Mete5: e

done to check on the removal efficiencies of the adsorbent toward pollutants. The main driving
force for such adsorption is the changes in surface potential (i.e. PA/(+)PVC NPs/(-)PVC
NPs/(+)MB) with the alternate adsorption of oppositely charged pollutants. All experiments

were conducted three times at a neutral pH of 7, and average values were reported

Regeneration Studies

The PA adsorbents with pollutant molecules on the surface were rinsed with a dilute
HCl solution (0.3 M, 10 mL) and washed with water multiple times to eliminate any remaining
acid on the surface. PAs are stable in dilute acid as compared to a basic medium. The washed
solid PAs were dried at 65 °C and used for the adsorption of pollutants ((+)PVC NPs, NR, and
MB) from water. Five repeated trials of washing and regeneration of adsorbents showed

effective adsorption of pollutants with no significant loss in adsorption efficiencies.

Removal of Polymer Nanoparticles from a Commercial Facial Scrub Using

PAs

The plastic particle removal efficiency of PAs was tested using a commercial facial
scrub purchased from a local shop. A fixed amount of the facial scrub was dried slowly at room
temperature to remove the water content and the obtained white powder was used for preparing
a stock solution for further experiments. In a typical procedure, appropriate amounts of PAs
(25 mg) were mixed with diluted scrubber solution (6 ml, 50 mg/L) and kept on a mechanical
shaker for a 2 or 5 h period. After shaking, the mixture was centrifuged, and the supernatant
was analysed using UV-Vis spectroscopy. All experiments were conducted three times at a
neutral pH of 7, and average values were reported. The adsorption efficiency was calculated
from the absorbance data and the solid PA adsorbed with the plastic particles from the scrubber

was characterized using a range of techniques.

Result and Discussion

Preparation and Characterization of PAs and NPs

All PAs were prepared using the reaction between TMC and three diamines EDA
(PA1), PXA (PA2), and MXA (PA3) via a standard procedure.?63* The FTIR spectra of the
PAs showed a peak at 3088 cm!, which is due to aromatic -C-H bonds on the polymer
backbone. The peaks from aliphatic CH, groups on the polymer backbone of PA were observed
at 2853 and 2943 ¢cm™'.#¢ The starting material, TMC (Figure 1a, i) showed a peak at 1743 cm-

10
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!, which corresponds to the absorption peak of >C=0 of the acid chloride group, which,iSHot
present in the spectra of all PAs (Figure 1a, 1).374¢ The FTIR spectra of PAs showed peaks at
1660 cm! and 1542 cm!, which correspond to >C=0 of the amide I and amide II peaks,
respectively (Figure 1a, ii-iv).#’” The broad peak located at 3400 cm™' is due to the stretching
vibration of N-H groups of the amide on the PA backbone.*® Similar peaks are also observed

in the FTIR spectra of PAs 4, 5 and TA. (Figure S1a).

a (iv) b 24.77

Transmittance %
Intensity(a.u.)

3500 3000 2500 2000 1500 jlo'oo 500 10 20 30 40 50 60 70
Wavenumber (cm™) 20(degree)

Figure 1. FTIR spectra (a, 1 — iv) and XRD pattern (b, i -iii) of as synthesised PA1 (=), PA2
(==), and PA3 (==). The FITR spectrum (a, 1) of starting material TMC is given for comparison.
SEM micrographs of synthesised PA1 (c), PA2 (d), and PA3 (e). Similar micrographs for PA4,

5 and TA are given in the supporting information (Figure S1).

As synthesised PA1 and PA3, showed single broad XRD peaks around 25.49° (3.49 A)
and 24.77° (3.59 A), respectively, which showed amorphous lattices (Figure 1b, i and iii).4¢
This could be accounted for by the flexible ethyl spacer of PA1 and the kink nature of the MXA
in PA3, which distorts the packing of the chains inside the lattice. The broad peaks focused
around the 20 = 25° imply a disordered lattice with long-range H-bonds inside the lattice. The
XRD of PA2 showed sharp, intense peaks at 26.19° (3.39 A), 27.95° (3.18 A), and 34.56° (2.59
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A) (Figure 1b, ii), which implies a crystalline lattice for PA2. The absence of peaks at,the/ ¢ s orae

20 region in the XRD diffraction pattern implies no long-range order inside the lattice. The
linear PXA for preparing PA2 offers a rigid but branched 2D architecture with strong interlayer
short-range H-bonds. XRD of PAs 4, 5, and TA were given in Figure S1b, i-iii. The broad peak
appeared at 24.49 (3.64 A), indicating that PA4 has an amorphous character. The sharp peaks
appeared at 20 = 18.56° (4.78 A), 21.55° (4.13 A), 28.09° (3.17 A) for PAS5, indicating a
semicrystalline nature. These two PA architectures are linear and able to interact strongly with
neighboring polymer chains through long-range intra-and interchain H-bonds. As expected, the
TA showed sharp peaks at 20 = 12.64° (6.99 A), 31.80° (2.810 A), 38.59° (2.33 A) representing
a crystalline lattice.*® This is due to the strong intermolecular H-bonds assisted self-assembly.
The surface properties and structure of the polyaramides were established using dynamic light

scattering and gas adsorption measurements.

The optical properties and surface morphologies of the prepared (+)PVC NPs were
characterised using DLS, SEM, UV-Vis, and fluorescence spectroscopy (Figure 2). The SEM
images of all synthesised PAs showed particles with irregular shapes (Figure 1c — e, S1 ¢, d),
and TA showed flake-type morphology (Figure S1, e). TGA results indicate that the prepared
samples showed high thermal stability of typical polyaramides with initial thermal degradation
starting at 350 — 420 °C (Figure S2). The TGA traces showed a mass loss of 60.5 £ 0.1 %, 71.3
+0.6 %, 72.4+ 1.3 %, 65.5+ 0.3 %, 72.2 + 1.2 %, and 88.6 + 0.9 %, for the PAs 1 — 5 and TA,
respectively, above 350 °C — 1000 °C (Figure S2a, and b).

600

120 140

 Particle Size(nm) L N S O DN L 200 )
! o ’n A

450 500 550 600 650 700

Wavelength(nm)

Figure 2. SEM image of dry (a) and absorption and emission spectra (b) of water dispersion
of (+)PVC NPs. The inset in (a) represents size distribution of the particles calculated from
SEM images. The SEM image of (-)PVC NPs is given in Figure S3.
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The surface charges of the particles originated from the type of surfactant used forsthe’
stabilization with CTAB-incorporated particles showing a positive value and SDS-stabilised
one with negative values. The (+)PVC NPs and (-)PVC NPs showed +22.14 + 1.44 and -32.04
+ (.97 zeta potential values, respectively. The hydrodynamic size of (+)PVC NPs was observed
as 133.23 £ 2.56 nm, and that for (-)PVC NPs was 144.63 = 1.45 nm. The SEM images of the
(+)PVC NPs (Figure 2a) and (-)PVC NPs (Figure S3) showed spherical particles with an
average dry size of 120.12 £ 0.45 nm and 135.33 £ 1.40 nm with a relatively narrow size
distribution (Figure 2a, inset). Such size differences are expected due to the different types (dry
for SEM and water dispersion for DLS) of PVC NPs used in measurements. The UV-Vis
spectra (Figure 2b) of the particles showed absorbance peaks at 440 nm and 470 nm and the
emission spectrum with a peak at 550 nm, corresponding to the PTE dye encapsulated inside

the particles.

Effect of Concentration of PAs on Adsorption
To monitor the adsorption of the cationic PVC NPs, and dyes, NR and MB, the UV-

Vis spectra of the supernatant solutions were measured before and after adsorption on PAs

(Figure 3, a-c).
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Figure 3. Absorbance spectra of the solution before (-m-) and after adsorption on PA1 (-e-)
and PA2 (-A-), PA3 (- ¥ -) for the removal of PVC NPs (a), NR (c), and MB (e) and the

calculated removal efficiencies of PA1 (-m-), PA2 (-®-), and PA3 (- A-) for PVC NPs (b), NR
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(d), and MB (f). The concentration of pollutants was kept constant as 50 mg/mL, The ifi5¢t 505 e

shows optical images of solutions before (i) and after (ii) adsorption, indicating the complete
removal of PVC NPs, NR, and MB. The removal efficiencies of PA4, PAS, and TA with
changes in concentration of PAs are given in the supporting information (Figure S4).

The optical images of the solutions before (i) and after (ii) adsorption on PAs are shown
along with the absorption spectra (Figure 3, inset). The yellow colour of the (+)PVC NPs
solution was changed to colourless after the adsorption experiment. A comparison of the UV-
Vis spectra of solutions before and after the adsorption experiments revealed that absorbance
peaks from (+)PVC NPs, NR, and MB were fully eliminated from the supernatant liquid after
shaking with PAs (Figure 3a, c, e), implying a complete adsorption and removal of the particles
and dyes from solution. Increased adsorbent dosage resulted in enhanced removal effectiveness
of NPs within 2 h (Figure 3d). At maximum concentration (25 mg) of PAs and adsorption time
of 2 h, removal efficiencies were increased to 94.1 + 1.5 % (PA1), 89.3 £ 0.5 % (PA2) and
99.7 £ 0.03% (PA3). The linear polyaramides PA4 and PAS5 showed removal efficiencies in
the range of 72 — 76 % for PVC NPs (Figure S4a) and MB (Figure S4b). Similarly, the TA
showed ~ 70% removal efficiencies for the pollutants examined (Figure S4c). The strong
electrostatic interactions between the negatively charged PAs and the positively charged PVC
NPs, and cationic MB enhanced the removal efficiencies. At the same time, the molecular
structure of the polyaramides and surface charges are responsible for the observed differences
in removal efficiencies. High efficiencies are expected for the network structure of PAs 1-3
that helps to trap the pollutants inside the cavities of polymer lattices. Since linear PAs (PAs 4,
5) and TA showed lower removal efficiencies, further mechanistic studies were focused only
on the branched PAs 1-3. The UV-Vis spectra of pristine PVC NPs without adding any PAs
before and after centrifugation are given in the supporting information (Figure S5), indicating

that the PVC NPs were not affected by the centrifugation process.

Effect of Time and Concentration of PVC NPs, MB, and NR on Absorption Capacity
The effect of experimental parameters such as time and concentrations of (+)PVC NPs
and MB dye on the removal efficiency of PAs were tested (Figure 4). The time-dependent
extractions were done during a period of 0 — 300 min using a fixed amount of PAs (25 mg) and
a fixed concentration of the pollutants of 50 mg/L. The pollutant solution at different
concentrations (0 — 150 mg/L) and fixed amounts of PAs (25 mg) were used for the adsorption
at a time duration of 120 minutes. The changes in removal efficiencies of PAs concerning time

and concentrations of the pollutants are shown in Figure 4.
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The equilibrium was obtained after 200 minutes and the removal efficiengy ,0f BA:
increased with time and reached 80.7 = 0.02 % ((+)PVC NPs), 92.8 + 0.87 % (NR), and 82.81
+ 0.82 % (MB) after 300 min (Figure 4a, b). For PA1, the removal rate was decreased with
increasing concentrations of pollutants, (+)PVC NPs, NR, and MB (Figure 4b). PA1 (25 mg)
showed a higher removal efficiency of 84 + 0.9 % for PVC NPs, 85.9 + 1.3 % for NR, and 87.1
+ 1.8 % for MB at a low concentration of 5 mg/L (Figure 4b). At a high concentration of the
pollutants (150 mg/ L), the removal efficiencies were decreased to 17.1 +£ 1.9, 21.1 + 3.2, and
42.2 + 4.3 % for (+)PVC NPs, NR, and MB, respectively. Since the removal of pollutants is
based on surface adsorption, this is expected due to the saturation of PA surface with the

pollutants.

Similarly, after 200 minutes, the system reaches equilibrium and the removal efficiency
of PA2 rose to 82.8 + 3.5 % for MB, 92.8 £2.45% for NR, and 80.7 + 2.3% for (+)PVC NPs at
a concentration of 5 mg/ L of the pollutants (Figure 4c, d). When high concentration (i.e. 150
mg/L) of the pollutants was used (Figure 4d), the removal efficiencies of PA2 decreased to
37.4 £ 1.8 % for (+)PVC NPs, 30.8 £ 3.9% for NR, and 57.2 + 4.1% for MB.

16
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Figure 4. Effect of time (0 — 300 min, a, c, €) and concentration (0 — 150 mg/L, b, d, ) of -m-
(+)PVC NPs, -e- NR and - A- MB on removal efficiencies - PA1 (a, b), PA2 (c, d) and PA3
(e, f). The amount of all PAs used for the adsorption experiments was kept constant at 25 mg.
For time dependant studies, the concentration of the pollutants was fixed at 50 mg/L. The data

for PA3, PA4, and TA are given in Figure S6.
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Similarly, the removal efficiency was increased to 99.1 + 0.5 % for (+)PVGNPs, 99,8551 %

+0.06 % for NR, and 99.7 + 0.2 % for MB after 300 min (Figure 4e). PA3 showed 99 + 0.4 %,
98.97 £ 0.7 %, 99.7 £ 0.1 % removal efficiency for a low concentration (5 mg/L) of pollutants,
which is decreased to 59.2 £ 1.4 %, 57.2 £4.1 %, 66. 1 £ 3.3 % at a high concentration of 150
mg/L (Figure 4f). This is expected due to the saturation of the surface of PAs with the
concentration-dependent adsorption of pollutants. For PA4, PAS, and TA, the adsorption
equilibrium was achieved after 120 min (Figure S6a, c, e). Similarly, all three adsorbents
showed high removal efficiencies for (+)PVC NPs. As stated above for PA1 -3, the PA4, PAS,
and TA showed similar concentration-dependent behaviour of the pollutants towards removal
efficiencies. The removal efficiencies decreased with the increasing concentration of
pollutants.
Characterization of PAs After Adsorption

The FTIR spectra (Figure S7, a-c) and TGA traces (Figure S8, a-c) of PAs after
adsorption of the pollutants did not show significant changes. This is due to the relatively low
amount of pollutants adsorbed on the PA surface as compared to the bulk. The FTIR spectrum
of pristine PVC NPs showed peaks at 614 cm™! (-C-Cl bending vibration), 959 c¢cm! (C-H
wagging), 1254 cm! (C-H rocking), 1425 cm! (CH, deformation), and a sharp peak at 2943
cm!and 2853 cm! (CH,- stretching) (Figure S7, a, i).!2

The FTIR spectra after adsorption of (+)PVC NPs (Figure S7a, ii-iv) showed
corresponding spectra of PAs. FTIR spectra after adsorption of other dyes (NR and MB) also
showed similar spectra of PAs (Figure S7, b, c¢). The peaks appeared at 1242 cm!' (C=C
stretching vibration) for the PAs are visible in all FTIR spectra, and the peak at 1324 cm! (C-
N stretching vibration) of Dye was not observed in the FTIR spectra of polymers after
adsorption. The dyes (NR and MB) also showed strong C-H absorption peaks at 2943 cm™! and
2853 cm!, which were not visible in the case of PAs. TGA of all three PAs after adsorption of
pollutants was done in N, atmosphere using a heating rate of 10 °C per minute from room
temperature to 1000 °C (Figure S8). The initial weight loss (< 10%) observed below 200°C is
usually due to the loss of solvent molecules entrapped inside the polymer lattice. The second

weight loss around 350°C indicates the degradation of the polymer backbone.

18


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lp00114e

Page 19 of 44 RSC Applied Polymers

ey Article Online
@S D5LP00114E

Figure 5. SEM images of PA1 (a), PA2 (b), and PA3 (c) after adsorption of (+)PVC NPs from

the solution.

SEM images of PAs after adsorption of (+)PVC NPs showed the presence of spherical
particles on the surface (Figure 5a-c). Such particles are part of the PAs and are not from the
pollutants. The adsorbed dye molecules are not visible in SEM; however, the optical images of
PAs after adsorption of dyes showed blue emission under DAPI mode and red emission under
Texas Red mode, which confirms the presence of MB and NR on the PA surface (Figure 6).
The green fluorescent images of the (+)PVC NPs adsorbed PAs are given in Figure S9.

Isotherm Model Studies
To understand the mechanism of adsorption of pollutants on the surface of PAs, the
adsorption isotherm models are used to fit the data. The popular isotherm models such as the

Langmuir, and Freundlich models are used to establish the mechanism. The homogenous

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

monolayer formation of adsorbate molecules on the surface of the PA adsorbent with a finite

number of similar and equivalent adsorption sites is explained by the Langmuir isotherm

Open Access Article. Published on 01 August 2025. Downloaded on 8/9/2025 8:15:26 AM.

model. On the other hand, the Freundlich isotherm model uses multilayer adsorption on the PA

(cc)

surface that isn't uniform and has a multilayer distribution of active sites.>°
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PA3

Figure 6. Optical images of PA1, PA2, and PA3 before and after adsorption of dyes, MB, and
NR from solution. DAPI mode for MB and red emission under Texas Red mode were used for

the optical imaging.

The PAs (25 mg) were mixed with one of the pollutants, i.e. (+)PVC NPs, NR, and MB,
at varying concentrations (0, 5, 25, 50, 100, and 150 mg/L) and stirred mechanically for 2 h.
The supernatant was collected after 2 h and used to calculate the remaining amounts of
adsorbate in the solution by measuring the absorbance. Langmuir and the Freundlich isotherm
models were used to analyze the data (Figure 7a-f, Figure S10a-f and Table 1). The equations
related to the Langmuir and Freundlich isotherm models are given in the material and method
section (equ 5 and 6). The correlation of Q. vs C, was plotted to examine the relevance of the
equilibrium data of pollutants, which fits well with the Langmuir model for both (+)PVC NPs
and dyes (NR, and MB).
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Figure 7. Langmuir (a, ¢ and e) and pseudo-second-order kinetics (b, d and f) plots for PA1 (a
and b), PA2 (c and d), and PA3 (e and f) at room temperature using different concentrations (5
- 150 mg/mL) of the (+)PVC NPs (-m-), NR (-®-), and MB (- A -) and a fixed concentration of
PAs (25 mg in 6 mL). The Freundlich isotherms and pseudo-first order kinetic regressions for

PA1, PA2, and PA3 are given in the supporting information (Figure S10a-f). Regression
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coefficient and adsorption isotherm parameters for the adsorption of different pollutafits
(+)PVC NPs, NR, MB) on the PAs are given in Table 1.

Table 1. Calculated isotherm parameters for the adsorption of pollutants ((+)PVC NPs, NR,
MB) on the PAs.

Langmuir Freundlich
Pollutants Adsorbents K, Qumax R? Ks n R?
M) (mg/g)

PAI 1.32 29.07 0.987  29.289  1.7889  0.9559

(HPVC PA2 2.50 81.30 0.9787  22.067 1.9493  0.9275
NPs PA3 2.07 83.33 09784 22711 1.381  0.9376

PAI 1.13 8529  0.9580 1476 0.9998 0.9395

NR PA2 2.37 86.21 0.9777 20.68 1.8135  0.9028

PA3 0.95 95.06 09888 22501 1.8953  0.9566

PAI 0.14 118.57 0.9840 16.857 1.9409 0.9297

MB PA2 0.28 142.85 0.9759  20.017  2.9067 0.9047

PA3 3.57 157.75 0.9907 21.416 1.9025 0.9025

For all PAs, the Langmuir model showed higher R? values for the data collected for
PVC NPs, NR, and MB as compared to the Freundlich model. The supporting information
(Figure S10) provides a Freundlich isotherm model analysis of the data obtained from the
adsorption. In Figure 7e (Table 1), PA3 showed high Q. values of 83.33, 95.06, and 157.75
mg/g for PVC NPs, NR, and MB, respectively, compared to the other two PAs (Table 1). The
Langmuir model fits the data better than the Freundlich model, as indicated by the data plots
(Figure S10, a-f) and the statistical parameters. The values of K and n indicate strong
adsorption of PVC NPs, NR, and MB on the surface of PAs. The value of the Freundlich
constant n > 1 indicates that PVC NPs are strongly adsorbed on the surface of the prepared
PAs. Due to the strong electrostatic interaction between the PAs and the positively charged
pollutants ((+)NPs, NR, and MB), a homogenous monolayer formation of the pollutants on the

surface of PA was supported by the Langmuir model.

Kinetic Studies of Adsorption
The data collected using a time-dependent study of the adsorption of (+)PVC NPs and
dyes (i.e. NR and MB) on the surface of the PAs were analyzed using both pseudo-first-order
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and pseudo-second-order models. Similar studies were reported for triazine polymer, fotsthe so o s
extraction of MB (removal efficiency 90%) with pseudo-second-order kinetics fittings.>!
Figures 7 b, d, and f show the highest R? values for PAs based on pseudo-second-order kinetics.

The pseudo-first-order kinetic regression plots are given in Figures S10, b, d, and f.

g

8 Table 2. Kinetic parameters for the adsorption of pollutants (PVC NPs, MB, NR) on the PAs.
B

g Pollutan Polyaramide Pseudo-First order Pseudo-second order

é ts synthesised Q.. cal K, R Q.exp Q. cal K R

= (mg/g)  (min") (mg/g)  (mg/g) (min™)

T PA1 2.72 0.0006 0.9207 286.45  277.78 0.00055 0.9943
£ +)PVC

c§ ) PA2 5.94 0.0005 09091 302.12 294.12  0.00042 0.9945
S NPs

E PA3 5.92 0.0006 0.9095 342.54 333.33  0.00065 0.9997
-:'; PA1 42.78 0.0090 0.9530 298.08 294.12  0.00073 0.9980
<

2 NR PA2 42.49 0.0081 0.9028 299.90  298.51  0.00076 0.9970
£

§ PA3 56.8 0.0150 0.9698 323.57  312.50 0.00015 0.9996
3]

% PA1 30.07 0.0065 09523 290.99 285.71 0.0017  0.9999
E MB PA2 27.76 0.0830 0.9047 298.11 287.36 0.0044  0.9759
E PA3 29.27 0.0102 0.9461 31223 303.03 0.0034 0.9814
ki

8

E

% The theoretical adsorption efficiency (Q, ca) calculated from the pseudo-second-order
§ model matched with the experimental value (Q, cxp) (Table 2) and showed consistency and

high value as compared to the values obtained from the data analyzed using the pseudo-first-

Open Access Article. Published on 01 August 2025. Downloaded on 8/9/2025 8:15:26 AM.

order model for all PAs. The calculated adsorption capacity (Q,, ca) Values for PA1 and PA2
were in the range of 277 - 298 mg/g. PA3 showed higher removal efficiencies of 333.33 mg/g,

(cc)

312 mg/g, and 303 mg/g for the three pollutants, PVC NPs, NR, and MB, respectively. Kinetic
model plots revealed that pseudo-second-order analyses (Figure 7b, d, and f) fit well as
compared to the pseudo-first-order analysis (Figure S10, b, d, and f, Table 2) of the collected
data. The R? values obtained from the pseudo-second-order kinetic model analysis are 0.999,
0.999, and 0.981 for PVC NPs, NR, and MB, respectively (Table 2) for PA3, which are close

to unity.

Effect of pH on Adsorption of Pollutants
Figure 8 shows the similarities and differences of the calculated removal efficiencies of

different pollutants using PAs at three different pH conditions (3, 7, and 11). At pH 3, the
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percentage removal of PVC NPs decreased significantly to 41.7 = 1.5 %, 38.1 + 0,3, %, add 001 s

46.9 £ 1.4 % for PA1, PA2, and PA3, respectively (Figure 8a). At neutral pH 7 and a basic pH
11, the calculated removal efficiencies of the PVC NPs, MB, and NR are in the range of 85 —
98% for all three polymers (Figure 8). Protonation of the binding sites of the PAs in the acidic
medium reduced the negative charge on the surface and lowered the removal efficiencies of all
cationic or neutral pollutants. Guo et al. reported that polyaramides prepared from piperazine
(PIP) and trimesoyl chloride (TMC) are negatively charged, which is due to the presence of

excess acid groups on the surface.>?
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Figure 8. Removal efficiencies of PAs for the adsorption of (+)PVC NPs (a), NR (b) and MB
(c) from water at pH 3 (m), pH 7 (m), and pH 11 (m).

The regeneration of PAs
To understand the recyclability of PAs, regeneration of the adsorbent was done by
washing multiple times with dil. HCI solution (10 ml, 0.3 M), followed by water.!!:'7 The solid

adsorbent was collected and dried before using for the adsorption experiments under similar
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conditions. The removal efficiency for each extraction was calculated using the absorbaiices; ;e
value measured before and after experiments (Figure 9). The recycled PAs showed almost the

same efficiency during the 5 repeating cycles. The pollutants on the surface of PAs are in small
quantities and made from ordinary polymers without additives, it is possible to dispose of them

via controlled disposal methods used for plastic wastes. Similarly, the regeneration cycles for

NR and MB demonstrated that the efficiency was not reduced after 5 cycles, which indicated

that the removal efficiencies of the PA1, PA2, and PA3 were maintained after 5 cycles.
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Figure 9. Removal efficiency of PAs after repeated five adsorption-desorption cycles (cycle 1
(m), cycle 2 (m), cycle 3 (m), cycle 4 (m), and cycle 5 (m)). The concentration of (+) PVC NPs
(a), NR (b), MB (¢) (50 mg/L), time (300 min), and adsorbent dose (25 mg) were kept constant.

Successive Adsorption Study

In most investigations, a single adsorbent was used to extract a specific adsorbate from
water. The interactions between the pollutants and the functional groups on the adsorbent
surface result in a higher tendency towards adsorption of the pollutants on PA surface rather

than desorption in the equilibrium.>* Removal of multiple pollutants with a single adsorbent is
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challenging due to differences in functional and structural features, as well as affinity fotsthe'
adsorbent's surface. The synthesized PAs showed interesting surface area, pore size and
negative zeta potentials (Table 3), which are useful for the extraction of cationic pollutants
from water. To determine the removal efficiency of the PAs towards multiple pollutants, an
appropriate amount (25 mg) of PA was used to extract cationic (+)PVC NP solution (6 mL) at
an optimum concentration of 50 mg/L. The removal efficiencies (Figure 10) and zeta potentials
(Table 3) of the PA adsorbents after the extraction were determined. Positive zetapotential
values were observed due to the presence of cationic PVC NPs on the surface of PAs, which
are denoted as PA1/PVCNP(+), PA2/PVCNP(+), and PA3/PVCNP(+). The observed positive
zeta potential for the PAs were (+)8.34 + 0.32 mV, (+)8.44 = 1.73 mV, and (+)12.33 £ 0.33
mV (Table 3). The same adsorbents were used for the next extraction of anionic (-)PVC NPs
(6 mL, 50 mg/L). After 2 h, the mixture was centrifuged, the solids (PA1/PVCNP/PVCNP(-),
PA2/PVCNP/PVCNP(-), and PA3/PVCNP/PVCNP(-)) collected were dispersed in water, and
their zeta potential was measured. The zeta potentials observed were (-)12.04 = 0.04 mV, (-
)14.15 £ 0.43 mV, and showed (-)19.36 + 0.92 mV (Table 3) with an average removal
efficiency in the range of 74.1 + 2.4 — 91.6 + 1.9%. The same solids were used for the third
successive extraction of a cationic dye, MB. All PAs showed removal efficiencies in the range
of 80.9 £ 1.9 — 87.5 £ 2.7 % for cationic MB. After adsorption, PAs showed positive zeta
potential value of (+)8.75 = 1.28 mV for PA1/PVCNP/PVCNP/MB(+), (+)8.49 £ 0.36 mV for
PA2/PVCNP/PVCNP/MB(+), and (+)11.58 + 0.30 mV for PAI/PVCNP/PVCNP/MB(+),
which implies the adsorption and accumulation of the cationic dye on the surface of the
adsorbent. The indicated charges (+ or -) are based on the zeta potential measurements of the
adsorbent after each experiment. The optical images of PAs after adsorption of both cationic

and anionic pollutants are given in the supporting information (Figures S9, S11, S12).

Similar experiments were also conducted with linear polyaramides (P4, P5, and TA) to
assess their successive adsorption efficiencies for pollutants. The results (Figure 10b) show
that PA4 has a greater removal efficiency (88 £ 1.3 %) than other linear polymers (PAS5 and
TA). However, it is significantly lower than branched polymer, PA3 (99%). Linear polymers,
PAS (66.5 = 1.6 %) and TA (53.1 £ 1.4 %) showed low removal efficiencies, which reduced
further to 40.5 + 3.5 % and 32 £ 1.98%, respectively, for MB adsorption (Figure 10b). The
changes in zeta potential also show that linear polymers are able to adsorb cationic and anionic
pollutants alternatively based on the net surface charges, however, they were less efficient than

the branched polymer.
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Figure 10. Successive adsorption studies of oppositely charged pollutants using PAs and
different pollutants (+) PVC NPs and (-)PVC NPs and MB.

Table 3. Structural properties and changes in surface potential in the presence of various

adsorbed particles or dyes on the surface of PAs.

Zetapotential (mV)
Structural properties of PAs Before After
adsorption adsorption
Particle Pore Surface
size (nm)* size area (+)PVC NPs (-)PVC NPs MB
(nm)  (m*/g)
PA1 1288+3.09 4.191 10.843 -7.73£1.11 8.34+0.32 -12.04+0.04 8.75+1.28
PA2 918+3.26 2978 14.048 -13.76+0.38 8.44+1.73 -14.15+0.43 8.49+0.36
PA3  875+1.24  3.233  29.233  -18.87+0.75 12.33+£0.33 -19.36+0.92 11.58+0.3
PA4  767+2.16  5.093 6.233 -4.98+0.26 10.48+0.38 -13.54+0.51 7.31+0.08
PAS  864+1.41 3233 10.315 -7.95+0.33 7.43+0.09 -11.08+0.73 5.38+0.11
TA 529+3.09  5.790  5.683 -2.67+0.53 9.38+0.21 -5.80+0.86 3.08+0.42

Note: Pore size distribution data were extracted from the N, adsorption isotherm at 77K, at a

pressure of 1 atm (Figure S13a and b). To measure the particle size, the PAs (0.1g) were

dispersed in water and used for the DLS measurement.

Adsorption of Polymer Particles from Commercial Samples Using PAs

Small polymer particles called micro- and nanoplastic particles are accumulating in our

water reservoirs due to an increase in plastic waste in the environment.>* The polymer particles

present in a commercial facial scrubber were removed and fully characterized using FTIR

spectroscopy. The peaks observed in the spectra were compared with the ingredients listed on

the product. The sharp peaks appeared at 2842 cm! and 2922 cm'!, suggesting that the facial
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scrubber exhibits a vibrational mode associated with the >CH, groups presept, on b
surfactants and PP beads (Figure 11a). The peak position appeared at 570 cm!, 718 cm™! (C-
C stretching ), 1045 cm™' (S=O symmetric stretching), and 1221 ¢cm™'(>S=0 antisymmetric
stretching ), indicating the presence of surfactant molecules® (Figure 11a). The peak appeared
at 1398 cm! due to the C-N stretching mode vibration of the facial scrubber additive such as
EDTA.%6 Peak positions between 1638 cm™! and 1720 cm™! appeared due to the >C=0 stretching
vibrations of amide and ester groups from the acrylate polymer present in the facial scrubber,
respectively. The presence of prominent peaks at 718 cm™! and 1032 cm! is due to C-C bond
vibrations of the molecules and PP present (Figure 11a).3” The peaks observed at 1372 cm!
and 1466 cm!, indicate that the C-H rocking vibrations of the methyl groups of the
polypropylene (PP) backbone.>®

The UV-Vis spectra (Figure 11b) of the facial scrubber revealed a maximum absorption
at 270 nm due to the presence of organic compounds in the scrubber.’® After the removal of
the scrubber, the filtrate was used for absorbance measurement to calculate the removal

efficiencies of all PAs. The optical images of the commercial facial scrubber (Figure 11c, i-ii1)

showed many PP beads.
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Figure 11. FTIR spectra (a) of facial scrubber (i) and blue beads found in the scrubber (ii).
UV-Vis spectra (b) of facial scrubber before (-m-) and after extraction by PA1 (-®-), PA2 (- A -
), PA3 (- ¥-). The inset image in (b) indicates the solution of the commercial scrubber before
(1) and after (i1) extraction. Optical fluorescence images (c) of polypropylene beads found in a
commercial facial scrub under different formats, such as DIC (i), DAPI (ii), and merged (iii)

view of the particles. The air bubbles are seen as circles in the solution. Stereomicroscopic

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

images of the PA1 (iv), PA2 (v), and PA3 (vi) polymer after adsorption of the facial scrubber.

To understand the removal efficiency of the microplastic particles from commercial

Open Access Article. Published on 01 August 2025. Downloaded on 8/9/2025 8:15:26 AM.

facial scrubber solution, appropriate amounts of PAs (25 mg) and commercial facial scrub

(cc)

solution (50 mg/L) were used for the extraction experiment. In short, the selected PA (25 mg)
was added to the facial scrubber solution (6 ml, 50 mg/L), and the mixture was shaken for 2
and 5 h to determine the efficiency of PAs. Following a 2 h period of adsorption (Figure 12a),
PAs 1 — 3 exhibited removal efficiencies of 48.8 % + 3.1, 69.3 £ 4.9 %, and 76.7 =+ 1.7 %,
respectively. After 5 h, the removal efficiency of the PAs rose to 73.1 + 3.1%, 83.8 £ 1.5 %,
and 97.9 + 0.4 % for PA1, PA2, and PA3, respectively. PA3 showed high removal efficiency
as compared to other PAs. The FTIR spectrum of a virgin commercial facial scrubber before
adsorption (Figure 12 b, i) was compared to PAs 1 - 3 after adsorption. The peak positions at
570 cm! (S-O symmetric stretching), 718 cm!' (C-H bending), 1045 (O-H stretching) cm!,
and 1221 cm! (C-O stretching) are observed due to the presence of different chemical

components present in the facial scrubber (Figure 12b, ii-iv).5° The peaks at 2922 cm!, 2854
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cm! (C-H stretching), and 1372 cm! peak (C-H rocking) showed the presence of aliphati€ G550 e

H bonds present on the PP polymer backbone or aliphatic molecules present in the scrubber.
According to the above data, it is clear that the components of a commercial facial scrubber

are easily removed significantly from the aqueous solution (~ 98 %) by the PA polymers.
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Figure 12. All PAs (25 mg) were tested for the removal of microplastic particles from the facial
scrubber solution. The removal efficiencies (a) of PAs at different time points (m) 2 h, and (m)
5 h) and FTIR spectra (b) of facial scrubber (i) and scrubber adsorbed on PA1 (ii) PA2 (iii) and
PA3 (iv).

Comparison of Removal Efficiency Between PAs with Other Adsorbents

The removal of contaminants from polluted water has been accomplished using hybrid
functional materials, organic, inorganic, metal-organic frameworks (MOFs), and covalent
organic frameworks.!® Several studies have reported a range of approaches (coagulation,
coprecipitation, adsorption, electrochemical destruction, oxidation, and membrane process,
etc.) using different conditions and materials for removing pollutants from water.!! Table 4
provides a summary of the various adsorbents reported in the literature for the removal of
various NPs and dyes from water. The thiol functionalized adsorbents were used to remove
hazardous contaminants from water.%! Adsorption based process has limited applications in
large-scale water filtration due to its moderate adsorption capacity, accessibility, regeneration,
and disposal difficulties. As a result, to improve sorption efficiencies, it is necessary to utilize
materials that are effective, readily available, and processable, while also possessing high
removal efficiency for pollutants. Polyaramides show higher removal efficiency (99%),

recyclability, and multi-pollutant removal efficiencies.
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Table 4. Comparison of various PAs used for adsorption of different pollutants from wates

using different adsorbents.

RSC Applied Polymers

PAs Adsorbate Adsorption  Adsorption Reference
percentage efficiency
% (mg/g)
1 TAPB-PDA Congo Red 95% 520 62
imine COF
2 M-COF-SH Hg(1I) 99% 383 61
3 PA-12nano MBand MR 80and 98 %  200.40 and 4
composite 146.41
4 Polyaramide Paraben 99% 1.44 63
(or Nylon)
5 p(EDA- RB - 371.8 64
T™MC)/D
composite
polymer
6 B-cyclodextrin BPA 98 % - 63
COF IBU 99 % -
7 COF-TP and Pb%* 95-96% 149.9 13
COF TE
8 PAI PVC NPs, ~89% 277-294 This work
NR and MB
9 PA2 PVC NPs, 93% 287-298 This work
NR and MB
10 PA3 PVC NPs, 99% 312-333 This work
NR and MB
11 PA4 PVC NPs, 72% This work
NR and MB
12 PAS PVC NPs, 75% This work
NR and MB
13 TA PVC NPs, 70% This work
NR and MB

Mechanism of Adsorption

Crystalline porous molecular frameworks allow covalent integration of organic units into
one, two- and three-dimensional (1D, 2D, and 3D) ordered structures with inherent pores.®¢
Both EDA and PXA are linear molecules, and with some approximation, the reaction with
TMC is expected to give a 2D-architecture. MXA has a kink-like geometry, which then helps
the PA3 to have a 3D architecture. All PA adsorbents offer a large surface area, high adsorption
capacity, and high selectivity, are easy to regenerate and reuse without any degradation. To
understand the removal efficiencies of PA1, PA2, and PA3, structurally linear polymers PA4
and PAS were synthesized using the same experimental conditions. The synthesized PAI

showed a particle size of 1288 +3.09 nm, PA2 of 918 + 3.26 nm, and 875 + 1.24 nm for PA3
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(Table 3). Similarly, the particle sizes of linear PA4, PAS5, and TA polymers were 67 #2516, 56 oriae

864 + 1.41, and 529 + 3.09 nm, respectively. The observed zeta potential of PAs 1 - 5 dispersed
in water was -7.73 £ 1.11 mV, -13.76 £ 0.38 mV, -18.87 £ 0.75 mV, -4.98 + 0.26 mV, and -
7.95 +0.33 mV, respectively.

Adsorption techniques have been used to remove contaminants from water. Several
variables, such as the concentration and chemical nature of pollutants, pH, contact time, and
adsorbent dosage, influence the adsorption behaviour. At a maximum concentration of PAs (25
mg) and an adsorption time of 2 h, high removal rates of 94.05 + 1.50 % (PA1), 89.34 + 0.50
% (PA2), and 99.65 + 0.03% (PA3) were observed. The linear polyaramides, PA4 and 5,
showed removal efficiencies ranging from 72 % to 76 % for removing nanoparticles and
cationic dyes. Similarly, the TA was able to remove about 70 % of the pollutants that were
tested (Figure S4). The coloured optical images of PAs after adsorption indicate that the +PVC
NPs (Figure S9) were adsorbed on PAs. The zeta potential measurement after adsorption
showed positive zeta potential values for all PAs, i.e. PA1 (+8.34 + 0.32), PA2 (+8.44 = 1.73),
PA3 (+12.33 + 0.33), PA4 (+10.48 + 0.38) and PAS (+7.43 £ 0.09) (Table 3) after the
adsorption of (+)PVC NPs, which indicates that the adsorption process is electrostatic in nature.
The flexibilities and structural geometries of the diamines determine the morphology of the PA
backbone. In addition, intra- and intermolecular H-bonds from the PA backbone facilitate the
formation of an extensive three-dimensional porous network.*® PA3 polymer has trifunctional
TMC units linked through a bent difunctional MXA making the molecule more rigid and 3D;
hence, it becomes a 3D molecular structure. For comparing the surface area and pore size of
the linear and branched polymers, both nitrogen (N,) and carbon dioxide (CO,) gases
adsorption were used in the BET measurements. The data are shown in Figure S13 and Table
S1. From the N, adsorption experiments, the PA1 showed a surface area of 10.483 m?/g and a
pore size of 4.191 nm. On the other hand, PA3 showed a high surface area of 29.233 m?/g and
pore diameter of 3.233 nm (Table S1). The pattern of the N, adsorption data from BET
measurements implies a regular Langmuir monolayer adsorption (Type II) of nitrogen
molecules (Figure S13, a, b). Similarly, the CO, adsorption experiment gave a surface area of
12.674 m?/g and a pore size of 3.856 nm for PA1 and a large surface area of 35.568 m?/g and
pore diameter of 3.121 nm for PA3 (Table S1). The CO, adsorption data implies a type IV
multilayer adsorption pattern due to strong interaction between CO, molecules and the
polyaramide surface (Figure S13, ¢, d). We hypothesized that the dye molecules and particles

get trapped inside the PA3 lattice as compared to 2D layered lattices of linear polyaramides.
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(+)PVC NPs, NR, and MB indicate that strong electrostatic interaction between negatively
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charged PA surface and positively charged pollutants is important (Table 3). PA4 and PAS

showed low removal efficiencies, as compared to PA1-3. Similarly, the TA showed 30 % less

(cc)

efficiency for the removal of pollutants.

The adsorption of organic pollutants on the surface of organic polymers is influenced
and facilitated by multiple weak forces such as hydrophobic, electrostatic, and hydrogen
bonding interactions.’”-% To confirm the strong affinity between adsorbent and adsorbate,
negatively charged (-)PVC NPs and anionic methylene orange were also used for the extraction
studies and the results indicate that the negatively charged pollutants were not removed from
water efficiently (Figure S14) The higher adsorption efficiencies observed for network PAs are
primarily due to the availability of high surface charges, large number of functional groups,
and presence of hydrated cavities inside the polymer lattice (Scheme 3a), which are not present
in linear polymers PA4 and PAS (Scheme 3b). The porous network structure of PAs facilitates

the extraction and retention of the pollutants inside the polymer lattice.
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Polyaramides (PAs 1- 5, TA) were successfully synthesized using a simple
condensation reaction and used for the removal of PVC NPs and different dyes from water.
DLS data indicate that all prepared PAs were negatively charged with particle sizes around 870
— 1300 nm. Both (+)PVC and (-)PVC NPs with particle sizes of around 120 nm and 135 nm,
respectively, were prepared using a nanoprecipitation method and fully characterized. The
extractions were done with different concentrations of PVC NPs and dyes, and all PAs had
high selectivity towards cationic polymer particles and dyes. Anionic pollutants (i.e. (-) PVC
NPs and MO) were not adsorbed on the surface and not removed from aqueous solutions.
Among branched PAs 1- 3, PA3 showed a high removal efficiency of 99%, the linear PAs 4 or
5, and TA had low removal efficiencies of 70 -76 % for all cationic pollutants investigated.
The collected data were fitted with different isotherm and kinetic models to understand the
adsorption mechanism. The data fit well with the Langmuir adsorption isotherm and pseudo-
second-order kinetics. PA3 showed high Q. values of 83.33, 95.06, and 157.75 mg/g for PVC
NPs, NR, and MB, respectively, compared to the other two PAs. All PAs showed low removal
efficiencies at acidic pH 2 and high efficiencies at pHs 7 and 11. The regeneration and recycling
of the PAs were achieved via washing with dilute HCI solution and showed no significant
decrease in adsorption efficiency after 5 cycles. The PA-based adsorbents reported in this paper
are promising easily accessible candidates for developing large-scale water purification models

for emerging pollutants.

Supporting Information

FTIR spectra, XRD pattern, SEM and TGA of PA4, PAS, and TA before adsorption; SEM
image of spherical (-)PVC NPs; Effect of adsorbent concentration on removal, UV-spectra of
(-)PVC NPs, Effect of time and concentrations of pollutants, FTIR spectra of adsorbents
pollutants and adsorbents with pollutants; TGA of the adsorbents after adsorption of pollutants,
Freundlich isotherms, optical images of adsorbents after adsorption of individual pollutants,
BET data from N, and CO, adsorption on PA1 and PA3, Removal efficiencies of PAs at

different concentrations, and comparison of structural properties from N, and CO, adsorption.
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