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Preface

Water pollution has become a significant threat to the ecological environment and human health.
Polymer materials show great potential in wastewater treatment because of their unique physical and
chemical properties, such as their large molecular weight, controllable structure, large surface area,
and easy modification. With the rapid development of materials science, new polymer materials with
excellent performance have emerged, such as new flocculants, scale inhibitors, functional filtration
membranes, ion-exchange resins, selective adsorption materials, and modified functional fibers, as
well as nanocomposite materials and hybrid nanomaterials used in microbial fuel cell electrodes.
Functional polymer materials have been widely used in the field of wastewater pollution control.
Based on the above information, we published a Special Issue (SI) pertaining to recent advances in
functional polymer materials for water treatment. This SI aims to provide a platform for researchers
to disseminate recent advances in the fundamentals, science, and technology of polymeric materials

for use in water treatment.

Zhiwei Wang, Tongtong Wang, Yanzhu Guo, and Jian Zhang
Guest Editors
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1. Introduction

With the increasing severity of global water pollution, research on the application
of functional polymer materials in the field of water treatment is receiving increasing
attention [1]. Due to their unique physicochemical properties, such as their large molecular
weight, controllable structure, large specific surface area, and easy modification, functional
polymer materials have shown great potential in water treatment. These materials can
not only effectively remove pollutants in water, such as heavy metal ions, organic dyes,
and microorganisms, but also enhance their separation efficiency and stability through
modification [2-4]. Recently, with the rapid development of materials science, new floc-
culants, scale inhibitors, functional filtration membranes, ion-exchange resins, selective
adsorption materials, modified functional fibers, and other polymer materials have been
emerging [2]. These materials allow for the efficient removal of pollutants and the recycling
of resources. Moreover, the application of nanocomposites and hybrid nanomaterials in
microbial fuel cell electrodes has received increasing attention, opening up new research
directions in the field of water treatment [4-6]. Functional polymer materials have been
widely used in the field of wastewater pollution control, and their diversity and tunability
provide new ideas and methods for solving the increasingly serious water environment
problems [3]. The research on such materials not only promotes the innovation of pollutant
treatment technology, but also promotes the practice of green chemistry and the concept of
sustainable development in the field of water treatment.

Moreover, research on the application of functional polymer materials in water treat-
ment has made significant progress. Regarding membrane materials, researchers are
committed to developing new polymer membranes with higher selectivity, flux, and sta-
bility, and exploring their applications in seawater desalination, industrial wastewater
treatment, and other fields [3,4]. For example, porous core-shell nanofiber membranes
exhibit highly efficient photocatalytic performance, while new functional membranes based
on graphene oxide achieve excellent dye retention through layer spacing modulation [5]. As
for adsorbent materials, the synthesis and modification of novel polymeric adsorbents are
hot research topics, such as the efficient adsorption of heavy metal ions by ionic liquid cross-
linked hydrogels and the green synthesis method of magnetic chitosan composites, which
provide innovative solutions for the treatment of heavy metals and organic pollutants [4].
Furthermore, research on polymer-based photocatalytic materials and biodegradable poly-
mer materials has also gained extensive attention in recent years, which has culminated in

Polymers 2025, 17, 1654 https://doi.org/10.3390/polym17121654
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the efficient removal of pollutants in water through photocatalytic degradation, selective
adsorption, and bio-enhanced action [6,7]. These research advances promote the innovation
of water treatment technology and lay a solid foundation for developing more efficient and
environmentally friendly solutions.

This Special Issue aims to collect and publish high quality research results on the
latest advances in functional polymer materials for water treatment. We encouraged the
submission of original articles, review articles, case studies, and newsletters on polymeric
flocculants and adsorbents, polymeric separation membranes and ion exchange resins,
polymeric materials for enhanced biological water treatment, polymeric materials for
water treatment equipment, and the preparation and modification of polymeric materials.
Through this Special Issue, we expect to provide the latest research results on functional
polymer materials in water treatment and further promote the development of this field.

2. Overview of the Published Articles

A total of 19 submissions were received, and 10 articles were accepted for this Special
Issue. These articles cover various aspects of membrane materials, adsorbent materials,
photocatalytic materials, and biological treatment materials. From the optimized design of
membrane materials to the preparation and performance study of adsorbents, and then
to the exploration of the application of photocatalytic composites and biofilm carriers,
these articles provide an in-depth discussion of the synthesis, modification, performance
characterization, and practical application of the materials. This Special Issue focuses
on the application of functional polymeric materials in the field of wastewater pollution
control, discusses the characterization of the physicochemical properties of functional
polymeric materials based on various advanced techniques, and provides insights into their
removal effects and mechanisms. The articles in this Special Issue not only demonstrate
the potential application of functional polymer materials in the treatment of polluted
wastewater, but also provide researchers in the related fields with a theoretical basis and
practical experience with important reference value. It is expected that this Special Issue
will promote the further development of functional polymer materials in the field of water
treatment and contribute to solutions to the global water shortage and water pollution
problems.

This Special Issue systematically demonstrates the frontier breakthroughs of functional
polymeric materials in the field of water treatment. In heavy metal treatment, Sun et al.
(contribution 2) developed an ionic liquid cross-linked hydrogel (PAM/AA /[Vim]Br,) that
removed 98.1% of Cr®* at 100 ppm via physico-chemical dual mechanism adsorption, and
its XPS analysis revealed that the coordination of carboxylate groups with amino groups
dominated the adsorption at high concentrations. Fakhry et al. (contribution 3) further
extended the application of bio-based materials and found that the maximum adsorption
capacity of Cr(VI) by fungal melanin (Aureobasidium pullulans) reached 595.974 mg/g,
which was a 22.7% enhancement compared to the conventional biomass, and the prediction
error of the adsorption process was reduced by 37% through decision tree modeling. Yadav
et al. (contribution 4) focused on green synthesis techniques and prepared magnetic
chitosan composites (MCSs) using Myrica esculenta leaf extracts with Cd** adsorption up
to 426 mg/g, retaining 80.44% efficiency after seven cycles and a 69.5% increase in the
BET specific surface area (178 m?/g) compared to unmodified magnetic nanoparticles.
In the field of membrane separation technology, Yang et al. (contribution 6) constructed
AgCl/ZnO heterogeneous nodule shell nanofiber membranes via coaxial electro spinning,
which achieved a 98% photodegradation of methylene blue in 70 min, whilst the efficiency
still exceeded 95% after five cycles. Moreover, Meng et al. (contribution 9) modulated
graphene oxide (GO) membrane layer spacing via ethylenediamine (EDA) cross-linking,
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which enhanced the dye retention to 96% and increased the permeate flux by 5-fold, whilst
XPS confirmed that C-N covalent bonding inhibited membrane swelling. For biological
treatment enhancement, Liu et al. (contribution 10) used a surface positively charged
modified polyurethane carrier (+1.79 mV) to increase the abundance of anaerobic ammonia-
oxidizing bacteria (AnAOB) by 2.3-fold, which resulted in a 78% removal of the total
nitrogen in an SBR reactor, and reduced the nitrate concentration to 6.03 mg-N/L. These
results confirm the theory of the “multi-mechanism synergistic removal of pollutants” and
provide a new paradigm for the management of complex pollutants.

In the fields of engineering applications and smart material design, the articles in this
Special Issue show remarkable innovations. Wei et al. (contribution 5) developed a cationic
polyacrylamide (CPAM) suspension for oilfield wastewater treatment problems, which
reduced the dissolution time by 81.4% (16 min) and achieved a 35.6% turbidity removal
rate via a continuous grafting process with a dual initiator, which was 25.4% higher than
the traditional solid CPAM. Xie et al. (contribution 7) focused on the decolorization of
indigo wastewater. The PP-g-AA-MAH fiber prepared with a dual initiator (DBPH/BPO)
had an adsorption capacity of 110.43 mg/g for indigo, which maintained 81.7% efficiency
after eight cycles, and FTIR confirmed the successful grafting of acrylic acid with maleic
anhydride (contribution 7). For scale inhibitor materials, Al-Hamzah et al. (contribution
8) systematically evaluated sulfonated polycarboxylic acid scale inhibitors (molar mass
2000-9500 g/mol). They found that 2000-2500 g/mol of low-molecular-weight materials
inhibited calcium sulfate deposition with 85% efficiency in seawater at 125 °C, which
provides key data for the optimization of the thermal desalination process. Smart respon-
sive material design is a highlight: a review by Kumar et al. (contribution 1) shows that
MOFs/COFs hybrid systems increase the membrane selective permeability to 3-5 times
that of conventional polymers. Innovations in characterization techniques are also promi-
nent, with Fakhry et al. (contribution 3) introducing decision tree modeling for the first
time to optimize the Cr(VI) adsorption process. Additionally, Meng et al. (contribution 9)
analyzed the amidation mechanism of EDA with GO via in situ FTIR-XPS coupling.

These results not only break through the theoretical framework of dynamic adaptive
materials, but also promote the intelligent water treatment system on the ground. Future
research can focus on material database construction and machine learning linkage, such as
the neural network optimization of adsorption strategies (contribution 3) and full life cycle
assessment (LCA) system, which together promote the development of water treatment
technology towards precision and sustainability (contribution 2).

3. Conclusions and Outlook

This Special Issue focuses on the latest progress in functional polymer materials
in the field of water treatment, and through the inclusion of 10 high-quality articles, it
comprehensively demonstrates the remarkable effectiveness and innovative applications of
functional polymer materials in solving water pollution problems. These papers not only
cover research on polymer membranes, adsorbent materials, anti-scaling agents, and other
aspects, but they also discuss the preparation technology, performance optimization, and
practical application effects of the materials. By synthesizing the conclusions of the papers,
it is clear that functional polymer materials, by virtue of their unique physicochemical
properties, have demonstrated excellent performance in many aspects, such as heavy metal
ion adsorption, organic dye degradation, and oilfield wastewater treatment. By optimizing
the structure and function of the materials, the researchers have successfully improved
water treatment efficiency and reduced treatment costs, providing strong support for the
protection and sustainable use of water resources.
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Future research should focus on three major directions. In terms of material perfor-
mance optimization, it is necessary to break through the bottleneck of anti-pollution and
the stability of membrane materials, develop smart response materials with high selec-
tivity and low energy consumption, and explore the scale-up processing technology of
MOFs/COFs hybrid systems. At the level of technology integration and innovation, we can
deepen the integration of machine learning and experimental data, construct adsorption
kinetic prediction models, and expand multi-material synergistic systems (such as magnetic
separation and photocatalytic coupling) combined with green synthesis processes to reduce
energy consumption and carbon footprint. Engineering applications need to strengthen the
validation of complex scenarios: assessing the risk of particle shedding in the long-term
operation of photocatalytic membranes, establishing molecular weight efficacy correlation
models of scale inhibitors to guide industrial selection, and optimizing the replacement
cycle of carriers to enhance system stability.

Furthermore, there is an urgent need to improve sustainability assessment systems,
including full life cycle analysis of bio-based materials, environmental impact assessment
of low-toxicity modification strategies, and research on the economics of recycling materi-
als. Through interdisciplinary collaboration and data-driven design, functional polymer
materials are expected to drive water treatment technologies toward the goals of high
efficiency, intelligence, and carbon neutrality, and provide innovative solutions to the
global challenge of clean drinking water outlined in the United Nations 2030 Sustainable
Development Goals. In short, the application of functional polymer materials in the field
of water treatment will continue to progress, contributing more wisdom and strength to
address global water challenges.
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Abstract: The partial nitrification-anammox process offers a cost-effective, energy-efficient,
and environmentally sustainable approach for nitrogen removal in wastewater treatment.
However, its application under low ammonia nitrogen conditions faces operational chal-
lenges including prolonged start-up periods and excessive nitrite oxidation. This study
employed a strategy combining polyurethane surface positive charge enhancement and
zeolite loading to develop a carrier capable of microbial enrichment and inhibition of nitrate
generation, aiming to initiate the partial nitrification-anammox process in a sequencing
batch reactor. Operational results demonstrate that the modified carrier enabled the reactor
to achieve a total nitrogen removal efficiency of 78%, with the effluent nitrate nitrogen
reduced to 6.03 mg-N/L, successfully initiating the partial nitrification-anammox process.
The modified carrier also exhibited accelerated biofilm proliferation (both suspended and
attached biomass increased). Additionally, 165 rRNA revealed a higher relative abundance
of typical anammox bacteria Candidatus Brocadia in the biofilm of the modified carrier
compared to the original carrier, alongside a decline in nitrifying genera, such as Nitrolancea.
These microbial shifts effectively suppressed excessive nitrite oxidation, limited nitrate
accumulation, and sustained efficient nitrogen removal throughout the reactor’s operation.

Keywords: partial nitrification-anammox; sequencing batch reactor; zeolite

1. Introduction

Biological nitrogen removal technology has a development history of nearly a cen-
tury [1]. Conventional approaches relying on nitrification—denitrification processes remain
energy- and resource-intensive, demanding significant aeration and external carbon sup-
plementation while generating substantial operational costs [2]. Anaerobic ammonium
oxidation (anammox) utilizes anaerobic ammonium-oxidizing bacteria (AnAOB) to di-
rectly oxidize ammonium into gaseous nitrogen (Ny), requiring only minimal aeration
and no external carbon source [3]. AnAOB carry out the anaerobic ammonium oxidation
reaction within the unique organelle (the anammoxosome), using ammonium nitrogen as
the electron donor and nitrite nitrogen as the electron acceptor [4,5]. As an effective and
environmentally friendly technology, this method has attracted extensive attention and is
used to treat ammonia nitrogen-rich wastewater.
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The anammox process requires co-existing ammonium (NH4"-N) and nitrite
(NO;™-N) substrates for its biochemical reactions, yet most wastewaters contain only
ammonium. This fundamental limitation requires controlled partial ammonia oxidation to
nitrite as the critical precursor for anammox-mediated nitrogen removal [6,7]. To address
this substrate requirement, the partial nitrification-anammox (PN/A) process has been
developed as an integrated solution for nitrogen-laden wastewater treatment [8]. The
PN/ A process is a two-step process where ammonia-oxidizing bacteria (AOB) first oxidize
ammonia nitrogen to nitrite under aerobic conditions, followed by anaerobic ammonium-
oxidizing bacteria (AnAOB) converting the remaining ammonia nitrogen and nitrite to
N> under anaerobic conditions, thereby achieving nitrogen removal [9,10].

The PN/ A process achieves efficient nitrogen removal through autotrophic ammo-
nium conversion under limited aeration, offering significant economic and environmental
advantages by eliminating external carbon requirements [11]. The prerequisite for success-
fully initiating the PN/ A process is retaining a sufficient quantity of microorganisms in
the reactor and constructing a microbial community with functionally compatible popula-
tions [12]. Key operational challenges include the following: (1) Members of the AnAOB
grow slowly, with a long doubling time (12 days) [13]. Therefore, since AnAOB grow
slowly, it is necessary to retain AnAOB in the reactor in the form of biofilms or granules
to prevent biomass washout [14]. (2) The target product nitrite may be further oxidized
by nitrite-oxidizing bacteria (NOB) to nitrate [10]. Nitrate cannot be removed in the ab-
sence of organic carbon sources in wastewater, leading to decreased total nitrogen removal
efficiency. To address these challenges, the following two critical optimization strategies
emerge: (1) enhancing microbial enrichment and improving the activity of anammox bacte-
ria; (2) selectively inhibiting the activity of nitrite-oxidizing bacteria to prevent excessive
nitrite oxidation [15].

The sequencing batch reactor (SBR) enables operational optimization through ad-
justable aeration periods for sedimentation control and hydraulic selection-based biomass
retention [15]. However, hydraulic selection formed by controlling SBR settling duration
cannot fundamentally regulate the AOB/NOB ratio. Improper control inevitably causes
excessive ammonia oxidation, leading to effluent nitrate accumulation. Since AOB ex-
hibit a stronger affinity for dissolved oxygen (DO) than NOB, intermittent aeration can be
adopted to suppress NOB activity, preventing excessive nitrite oxidation [16]. Furthermore,
since NOB are highly sensitive to free ammonia (FA) concentrations, establishing localized
ammonia-rich zones can strategically inhibit NOB metabolic activity [17].

Sludge granulation and biofilm formation are the main means to meet the prolonged
sludge age required for AnAOB enrichment. Under low ammonia nitrogen concentration
conditions, granules are prone to disintegration, while introducing carriers to form biofilms
provides higher stability, enabling tolerance to environmental fluctuations and hydraulic
shear [18]. Polyurethane sponges are regarded as ideal microbial immobilization carriers
due to their high porosity (facilitating substrate diffusion), large specific surface area, and
fluidization capability. Furthermore, their interface design and modification can create in-
terfacial microenvironments initiated by cell adhesion and microbial selection, accelerating
PN/ A process initiation. First, by introducing positively charged polyquaternium-10, the
positive charge on the carrier surface is enhanced, promoting initial microbial attachment
and biofilm formation [19]. Second, considering the sensitivity of NOB to free ammonia
(FA), zeolite, with excellent ion adsorption and exchange capacity, can be incorporated
onto the carrier surface [11]. By endowing the carrier with a dynamic buffering capacity
for local ammonia nitrogen concentration, NOB-mediated side reactions are suppressed,
improving the conversion efficiency of ammonia nitrogen to N via the PN/A process path-
way. Compared with the common polyurethane-modified carriers, the carrier developed
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in this study has higher stability, stronger resistance to environmental shocks, and due
to its surface modification, facilitates easier biofilm formation and a faster start-up of the
PN/ A process.

This study employed a composite carrier with a positively charged surface modifi-
cation and zeolite loading for microbial retention. By modifying the carrier surface with
a positive charge potential, microbial adsorption was enhanced, promoting biofilm for-
mation. Through the carrier modification of the local microenvironment, NOB growth
was inhibited, while the activity of AOB and AnAOB was strengthened. The investigation
focused on nitrogen removal efficiency during reactor start-up, morphological changes in
sludge flocs and biofilms across operational phases, and shifts in the microbial community
structure.

2. Materials and Methods

2.1. Material
2.1.1. Seed Sludge

The nitrifying activated sludge used in the experiment was sourced from the wastew-
ater treatment reactor of Angel Yeast (Chongzuo) Co., Ltd., Chongzuo, China The retrieved
granular sludge was mechanically disintegrated into flocculent sludge and mixed with
anaerobic ammonium oxidation (anammox) flocculent sludge from the laboratory at a ratio
of 2:1.

2.1.2. Synthetic Wastewater

To stimulate the activity of aerobic nitrifying bacteria, the chemical oxygen demand
(COD) concentration was maintained at 100 mg per liter in the form of glucose during the
initial ten days of the experiment [20].

Other influent substrates for the simulated effluent included 21.9 mg/L potassium
dihydrogen phosphate (KH;POjy), 36 mg/L calcium chloride monohydrate (CaCly-H,0),
and 25 mg/L magnesium sulfate hexahydrate (MgSO,-6H,0O). The pH value of the sim-
ulated wastewater was adjusted to 8.0-8.5 by adding appropriate amounts of potassium
hydroxide (KOH) and hydrochloric acid (HCI), and 1 mL of trace element I and trace
element II were added to each liter of wastewater [21]. The compositions of these elements
are shown in Table 1.

Table 1. Trace element composition in the stock solution.

Trace Element I Concentration Trace Element II Concentration
(g/L) (g/L)

2Na-EDTA-2H,O 15 2Na-EDTA-2H,O 5

Na2 8803 0.156 FeSO4 . 7H20 5
Na2M004 '2H20 0.22
NiCl,-6H,O 0.19
MnCl,-4H,O 0.99
CuSOy4-5H,0 0.25
ZnSO4-7H,O 0.43
COC12'6H20 0.24
H3BO;3 0.014

2.2. Methods
2.2.1. Carrier Preparation and Reactor Description

The composite carrier was synthesized using the impregnation method. A pre-
determined amount of polyvinyl alcohol (PVA) was dissolved in deionized water at
95 °C to prepare a 10% (w/v) PVA solution. This solution was mixed with a 5% (w/v)
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polyquaternium-10 solution at a volume ratio of 10:1, stirred for 20 min to form a ho-
mogeneous solution. Zeolite powder and water-based polyurethane were blended at
a weight ratio of 27:40, followed by the addition of the PVA-polyquaternium-10 solu-
tion. The mixture was stirred for 1 h to ensure thorough homogenization. A suitable
number of 1 cm? polyurethane foam carriers were fully immersed in the homogeneous
solution. After immersion, the carriers were rinsed three times with deionized water,
dried, and stored in vacuum-sealed bags [22]. Each carrier contained approximately
0.06 g of zeolite. The experimental system employed a sequencing batch reactor (SBR),
with its operational configuration schematically detailed in Figure 1. In the figure, R1 is the
reactor with an unmodified carrier (polyurethane sponge not prepared by the impregnation
method) and R2 is the reactor with a modified carrier (composite carrier prepared by the
impregnation method).

Mixing motor\ ) H ’

Carrier sphere

Influent
pump

. N

pump

/\\i ¥ R2" ff | |
( effluent \

Figure 1. Schematic diagram of SBR reactors integrated with sponge carriers.

2.2.2. Reactor Operation and Control

The reactor was operated for 116 days. The whole operation period can be di-
vided into three phases: the start-up period (Phase I: 1-20 d), the transition period
(Phase II: 21-80 d), and the stabilization period (Phase III: 81-116 d). The specific pa-
rameters of the reactor are shown in Table 2.

Table 2. Phase-specific parameters for the operation of both SBR reactors.

Stane Time NH4*-N Air HRT NLR
& d) (mg N/L) (L/min) (h) (kg-N/m3-d-1)
I'Start-up 1~20 110 0.15 10 0.264
period
II Transition
: 21~78 110 0.04~0.1 10 0.264
period
I1I Stable period 79~116 60 0.04 5 0.288

2.2.3. Sludge Activity Detection

Measurement of biofilm loading on the carrier [23]:

An appropriate number of carriers was removed from the reactor and placed in a
250 mL beaker. Then, 50 mL of deionized water was added. The mixture was stirred
on a magnetic stirrer at 300 r/min for 1 h. The carriers were removed, squeezed to
drain excess water, and returned to the reactor. The obtained suspension was tested
for mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids
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(MLVSS) using standard methods. The biofilm loading on the carriers, expressed as attached
growth biomass solids (AGBS) and volatile attached growth biomass solids (VAGBS), was
calculated by dividing the MLSS and MLVSS by the number of carriers removed.

Measurement of activated sludge particle size [24]:

Three biofilm carriers were randomly selected from the reactor. After ultrasonic
treatment to detach the sludge from the carriers, the carriers were returned to the reactor.
The obtained suspension was dispersed using deionized water, and the particle size of the
activated sludge was measured using a laser particle size analyzer. This procedure was
repeated three times, and the average value was recorded.

2.2.4. Water Quality Detection

The reactor influent and effluent samples were monitored daily, including NH4*-N
(ammonia nitrogen), NO, ~-N (nitrite nitrogen), NO3 ~-N (nitrate nitrogen), and pH [25].
The ammonia nitrogen was detected by Nano reagent spectrophotometry, the nitrite ni-
trogen was detected by UV spectrophotometry, and the nitrate nitrogen by the thymol
method [13]. The effluent parameters were tested daily during the first 10 days of operation
and subsequently every 2 days (no statistical significance test was conducted).

The nitrogen loading rate (NLR, in kg-N/m3-d 1), the total nitrogen removal rate
(TNRE, in %), the ammonia removal rate (ARE, in %), the ammonia removal rate (ARR,
in kg-N/ m3.d~1), the ammonia oxidation rate (AOR, in kg-N/ m3.d~1), the nitrite ox-
idation rate (NOR, in kg-N/ m3-d~1), and the total nitrogen removal rate (TNRR, unit:
keg-N/ m?3.d~1) were calculated as shown in Equations (1)—(6), and the A NO3~-N/A NH,*-
N in the PN/A was calculated as shown in Equation (7). The inf subscripts denote the
influent water, and the eff subscripts denote the effluent water.

C(TN).
NLR = <(HR;1’”> x 24 x 1073 1)
C(TN)ins—c(rN)
_ eff
TNRE = —— TNy % 100 @)
ARE — C(NHy = N),;,; C(NHy = N), ., 100 3)
C(NH —N),;
C(NH} —N), , C(NH}f —N),, — 2C(IN)
AOR — ( ( 4 )mf— E_IRT4 )eff 2.04 % 24 % 10_3 (4)
C(NO- — N .. _ 026AC(TN)
NOR = ( (NO; 2;{{9 208 % 24 % 1073 )
TNRR = % x 24 x 1073 (6)

ANO; C(NO;—N)efffC(NOg —N)
ANH} ~ C(NHy —N),,, C(NHy —N)

inf @)
eff
2.2.5. Extracellular Polymeric Substances (EPS) Extraction and Speciation

The improved total EPS extraction method was as follows: First, 5 mL of sludge was
taken and washed three times with ultrapure water. The washed sludge was resuspended
in 15 mL of 0.01 M PBS buffer (pH = 7.2) and centrifuged at 7000 x ¢ rpm for 20 min. NaOH
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was added to adjust the mixture to pH = 13. The supernatant was filtered through a 0.45
pum PES membrane to obtain the total EPS. The three subcomponents of the EPS were
extracted using a modified heat method [26].

S-EPS: The washed 5 mL sludge was mixed with 15 mL PBS and centrifuged at
2000x g rpm for 1 min. The supernatant was discarded, and the remaining sludge was
mixed with 15 mL of 0.05% NaCl solution, followed by centrifugation at 4000x g rpm for
5 min. The supernatant was filtered through a 0.45 pum PES membrane.

LB-EPS: Preheated 0.05% NaCl solution (60 °C) was added to the remaining sludge to
adjust the total volume to 20 mL. After vortex mixing for 2 min, the mixture was centrifuged
at 4000 x g rpm for 10 min. The supernatant was collected by filtration through a 0.45 um
membrane.

TB-EPS: The remaining sludge was resuspended in 15 mL of 0.05% NaCl solution
and heated in a water bath at 60 °C for 30 min. Following vortex mixing for 2 min and
centrifugation at 4000 rpm for 15 min, the supernatant was collected through a 0.45 pm
membrane [27].

The extracted EPS was characterized by three-dimensional excitation emission matrix
(3D-EEM) fluorescence spectroscopy [28].

The protein content was analyzed using the modified Lowey method, and the polysac-
charide content was determined using the phenol-sulfuric acid method [29].

2.2.6. Microbial Detection

Microbial community structure detection: Sludge samples were collected on days 20
and 100, respectively. Raw sludge and sludge samples from different reactors were labeled
as Blank, R1, and R2. An appropriate amount of sludge was shipped under refrigeration to
Majorbio BioPharm Technology Co., Ltd., Shanghai, China for high-throughput sequencing.
The key steps of the high-throughput sequencing were as follows: DNA was extracted
from the sludge using the E.Z.N.A.® Mag-Bind Soil DNA Kit (OMEGA), and bacterial and
archaeal sequences were amplified using primers 52F10extF-Arch958RmodR and 338F-
806R, respectively. PCR products were detected via 2% agarose gel electrophoresis, purified
with the AxyPrep DNA Gel Extraction Kit, and sequenced on the Illumina MiSeq platform
to generate a PE amplicon library. Operational taxonomic units (OTUs) were classified and
analyzed [12].

3. Results and Discussion

3.1. Characterization of Modified Polyurethane Sponge Carrier
3.1.1. Surface Properties

Figure 2a—f present a comparative SEM characterization of the carrier surface mor-
phology. Due to the zeolite loading, the composite carrier exhibited increased surface
roughness, which aided in resisting hydraulic shear during the initial microbial adhesion
stage, enriching microorganisms, and accelerating biofilm formation. Figure 2g displays the
water contact angles of the carrier before and after modification. The modified carrier tran-
sitioned from hydrophobic to hydrophilic due to the incorporation of hydrophilic materials,
polyvinyl alcohol (PVA) and zeolite, during fabrication [30]. Figure 2h illustrates the zeta
potentials of the carrier before and after modification and the sludge biofilm. The composite
carrier’s positive potential increased from —7.45 mV to 1.79 mV owing to the doping of
the positively charged material polyquaternium-10, while the anammox sludge showed a
negative charge [31]. This charge complementarity enhanced electrostatic microbe—carrier
interactions, achieving faster biofilm formation than unmodified carriers [23].

11
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Figure 2. Modification of surface morphology (a-f), contact angle (g), and zeta potential (h).

3.1.2. Ammonia Nitrogen Adsorption Capacity

~
&
N

Figure 3a illustrates the NH;"-N adsorption performance of the modified carriers.
The composite carrier exhibited an initial increase followed by stabilization in ammonia
nitrogen removal, consistent across different temperatures, whereas the unmodified carrier
showed no adsorption capacity. This is attributed to the zeolite-loaded modified carrier

adsorption capability [32].
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Figure 3. Kinetics of NH;"-N adsorption by the composite carrier at 35 °C (a); NH;*-N removal
quantity before and after carrier modification (b).

As shown in Figure 3b, the NH,*-N adsorption capacity of the composite carrier
displayed dynamic characteristics, with rapid initial adsorption followed by gradual
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stabilization. The maximum adsorption capacity reached 4.5028 mg/g carrier after 8

h.

3.2. Reactor Performance Enhanced by Carrier Modification
3.2.1. Nitrogen Removal

AOR, NOR, and TNRR indirectly reflect the theoretical in situ activities of the corre-
sponding nitrifying microorganisms [33]. As shown in Figure 4, the AOR of both reactors
gradually increased in Phase I, with the modified AOR being higher than the unmodi-
fied one. This is attributed to the modified carrier’s superior initial microbial adsorption
and ammonia-rich microenvironment construction capabilities, facilitating the enrichment

of AOB.
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Figure 4. Enhancement of nitrogen removal in terms of AOR, NOR, ARR, and TNRR achieved by
carrier modification. AOR: ammonia oxidation rate, NOR: nitrite oxidation rate, ARR: ammonia
removal rate, TNRR: total nitrogen removal rate.

Sustained aeration and nitrite accumulation provided favorable conditions for NOB
growth [34], leading to an increase in NOR and the recovery of NOB activity. However, the
modified carrier achieved localized ammonia nitrogen inhibition, preventing a continuous
NOR rise in the modified reactor.

The TNRE remained relatively low in both the modified and unmodified systems. In
PN/ A processes, total nitrogen removal primarily relies on AnAOB, which are inhibited
under full aeration conditions [11]. Nevertheless, the TNRR of the reactor with the modified
carrier was higher than that of the reactor with the unmodified carrier, due to the modified
carrier’s enhanced initial microbial adsorption.
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Phase 1II initiation triggered abrupt ARR/AOR declines in both reactors due to the
oxygen-limited suppression of AOB activity. Meanwhile, the gradual increase in the TNRR
indicates that the low-oxygen environment led to AnAOB growth, though excessive am-
monia accumulation limited total nitrogen removal. To sustain AOB and AnAOB activity, a
“graded aeration reduction strategy” was adopted from day 30. ARR and AOR fluctuated
upward during Phase II, demonstrating AOB’s low-oxygen adaptability under fluctuating
oxygen stress, while the steady rise in the TNRR reflects the continuous enhancement
of AnAOB activity. Divergent NOR trends between the modified and unmodified car-
riers highlighted NOB as the primary factor influencing effluent nitrate differences [35].
The composite carrier’s ammonia-rich microenvironment progressively eliminated NOB,
exhibiting strong NOB suppression [36].

As shown in Figure 4, reactor R2 with modified carriers exhibited a significantly higher
total nitrogen removal rate (TNRR) (0.25 kg-N/m?-d ! vs. 0.20 kg-N/m?-d 1) compared to
the control reactor R1 in Phase III, while the ammonia removal rate (ARR) remained similar
between the two reactors. This observation suggests that ammonia nitrogen in R1 may
not have been sufficiently converted into nitrate for utilization in anaerobic ammonium
oxidation (anammox). Since nitrate cannot be removed via denitrification in the absence
of a carbon source, this limitation likely contributed to the lower TNRR in R1 compared
to R2. These findings are corroborated by the reactor effluent data. As illustrated in
Figure 5b, the ANO3;~-N/ANH,*-N ratio in the modified carrier reactor was significantly
lower than that in the unmodified carrier reactor (0.11 vs. 0.22). This confirms that the
modified carrier enhanced the selectivity of ammonia oxidation, effectively suppressing
nitrate formation and accumulation. Consequently, the modified carrier facilitated efficient
ammonia nitrogen removal via anammox, ensuring stable reactor performance.
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Figure 5. The TN, ARE, and TNRE of the reactor with unmodified (R1) and modified (R2)
carriers (a); ANO3 -N/ANH*-N ratio throughout the operational period for both reactors (b).
TN: total nitrogen, ARE:. ammonia removal efficiency, TNRE: total nitrogen removal efficiency.
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3.2.2. Start-Up of PN/ A Process

As shown in Figure 5a,b, it was observed that by the end of Phase I, both modified
and unmodified systems achieved ammonia nitrogen removal efficiencies exceeding 95%,
but the total nitrogen removal performance remained minimal. Upon reducing aeration in
Phase II, ammonia removal rates experienced a trough, while the ANO3;~-N/ANH,*-N
ratio gradually increased, surpassing the PN/ A reaction’s standard value of 0.11. After
implementing the “graded aeration reduction” strategy, ammonia removal rates under-
went repeated fluctuations of increase—decrease—increase. By day 52, the modified and
unmodified systems reached ammonia removal rates of 81% and 89%, respectively, in-
dicating restored AOB activity. Concurrently, the effluent total nitrogen in both reactors
progressively declined, with total nitrogen removal efficiencies reaching 46.7% and 61.5%
for R1 and R2. Moreover, the ANO3; -N/ANH,*-N ratio of modified and unmodified
systems decreased from peak values of 0.57 and 0.52 to 0.25 and 0.20 by the end of Phase II,
demonstrating significant overall performance improvement.

In Phase 1II, fluctuations in the ammonia removal rates occurred due to a reduced in-
fluent ammonia concentration and shorter hydraulic retention time (HRT). As the reaction
progressed, microbial synergy strengthened continuously. The modified carrier success-
fully enriched functional microorganisms while suppressing NOB, leading to the gradual
washout of non-functional bacteria from the reactor. By day 98, the ANO; " -N/ANH;*-N
ratio of the modified system reached 0.12, approaching the PN/ A standard value of 0.11. At
this stage, the total nitrogen removal efficiency was 78%, the ammonia removal efficiency
was 90%, and the TNRR was 0.24 kg-N-m~3-d !, successfully achieving PN /A initiation
under low ammonia nitrogen conditions. In contrast, the unmodified carrier failed to
initiate PN/A.

3.3. Biofilm and Microbial Community
3.3.1. Biofilm and Biomass Growth on Carriers

Figure 6a illustrates the biofilm growth on the carriers. Sludge attachment was ob-
served to follow the sponge skeleton framework, progressing gradually from the interior to
the exterior. Upon reaction completion, the modified carrier formed a thick sludge biofilm,
with significantly greater surface biomass accumulation compared to the unmodified car-
rier [37]. This was due to the electropositive surface of the modified carrier enhancing
microbial adsorption. Sludge coverage reduced the oxygen penetration capacity in the
modified carrier compared to the unmodified one. Owing to the porous structure of the
polyurethane sponge, microorganisms continued to colonize the internal spaces of the
carrier. Increased microbial attachment led to thicker biofilms, facilitating the development
of anoxic zones within the carrier matrix, thereby promoting anammox and enhancing
nitrogen removal [8]. This also explains the higher ammonia removal efficiency of the
modified carrier.
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Figure 6. Biofilm growth on polyurethane sponge carrier: morphology of biofilm covering carrier
surface (a); biofilm quantified by MLSS and MLVSS (b).
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The MLVSS/MLSS ratio reflects the proportion of active biomass in the sludge
biofilm [38]. As shown in Figure 6b, the MLSS and MLVSS in R2 (modified) remained
higher than in R1 (unmodified). This phenomenon stems from the modified carrier’s pos-
itive charge improving its initial microbial adsorption. During operation, suspended
floccular sludge was continuously washed out, while microbial aggregates adhered
to the carrier, resisting hydraulic shear and avoiding discharge, leading to gradual
biomass accumulation.

The MLVSS/MLSS ratios for the modified and unmodified systems increased from
0.55 and 0.70 in Phase I to 0.77 and 0.85 in Phase III, respectively. The higher MLVSS/MLSS
ratio in the modified system indicates greater biological activity in its biofilm. At the end of
the reaction, the MLVSS reached 1.82 g/L for the modified system versus 1.45 g/L for the
unmodified system. Due to oxygen concentration gradients, AnAOB preferentially thrive
in biofilms; therefore, higher MLVSS confirm the enhanced nitrogen removal capacity of
the modified carrier [14].

Post-reaction, the MLSS, MLVSS, attached granular biomass (AGBS), and volatile
attached granular biomass (VAGBS) on individual carriers in the modified and unmodified
reactors were quantified (Table 3).

Table 3. Suspended biomass and attached biomass on carriers.

AGBS VAGBS
MLSS (g/L) MLVSS (g/L) (mg/Carrier) (mg/Carrier)
R1 0.82 +0.02 0.66 £ 0.05 6.83 £ 0.01 5.45 £ 0.01
R2 1.12 £ 0.06 0.95 +0.03 9.37 £ 0.01 7.92 £ 0.01
Growth 0.30 + 0.04 0.29 +0.03 2.54 +0.01 2.47 +£0.01

Both the MLSS and AGBS demonstrated superior performance in the modified
reactor compared to the unmodified. The modified carrier exhibited a VAGBS of
7.92 £ 0.01 mg/carrier, 1.45-fold higher than the unmodified carrier’s 5.45 &= 0.01 mg/ carrier.
The greater biomass in the modified reactor further verifies that the composite carrier pro-
moted microbial adsorption more than the original carrier. The modified carrier effectively
retained microorganisms under hydraulic scouring, enabling faster biofilm growth com-
pared to the unmodified carrier [37]. Higher microbial abundance on the carrier accelerated
metabolic rates, resulting in increased oxygen consumption.

3.3.2. EPS Composition and Speciation

Extracellular polymeric substances (EPS) are crucial components of biofilms, contribut-
ing to matrix structure integrity and stability and the protection of embedded microorgan-
isms against toxic effects [39]. EPS exhibit distinct stratified structures in biofilms, including
soluble EPS (S-EPS), which weakly associate with microbial aggregates or dissolve in the
surrounding solution, forming a discrete overlayer with distinct boundaries outside the
cell walls; loosely bound EPS (LB-EPS); and tightly bound EPS (TB-EPS), which collec-
tively form a bilayer structure. All EPS fractions are enriched with negatively charged
groups, with TB-EPS constituting the predominant proportion [40]. Figure 7a compares the
concentrations and proportions of EPS fractions in the modified and unmodified reactors.

Experimental observations revealed minimal variation in the S-EPS and LB-EPS levels,
with their contents in the sludge biofilms being significantly lower than TB-EPS. Therefore,
EPS dynamics can primarily be attributed to TB-EPS changes. The TB-EPS correlated closely
with the water quality and sludge morphology, serving as an indicator of microbial viability
and aggregate structure. In the unmodified reactor, the TB-EPS increased from 27.03 mg/g
VSS in Phase I to 70.34 mg/g VSS in Phase 11, representing a 160% rise (43.31 mg/g VSS
increment). In contrast, the modified reactor exhibited a more substantial TB-EPS increase
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from 35.44 mg/g VSS in Phase I to 111.83 mg/g VSS in Phase 111, a 216% surge (76.39 mg/g
VSS increment). EPS enhance biofilm adhesiveness, promote microbial aggregation and
growth, and improve biofilm attachment [41]. The abundant EPS production accelerated
biofilm formation on the modified carriers, increasing oxygen consumption and AnAOB
activity, thereby enhancing ammonia removal efficiency [42].
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Figure 7. Growth of EPS on carriers during initiation of partial nitrification—anaerobic ammonia
oxidation (a); PN and PS and their ratios in EPS on carriers during partial nitrification-anaerobic
ammonia oxidation initiation at each phase (b); EEM spectra of TB-EPS on carriers during PN/A
initiation (c).

EPS primarily comprise extracellular polysaccharides (PS) and proteins (PNs) [43].
The data of Figure 7b show that the PS content remained consistently lower than the PNs
across all experimental phases in both the modified and unmodified systems. While the
PS levels showed negligible differences between the modified and unmodified carriers,
substantial PN disparities were observed, indicating that higher TB-EPS in the modified
system predominantly resulted from increased PN accumulation. A higher PN/PS ratio
reflects enhanced biofilm hydrophobicity. Increased sludge hydrophobicity is critical for
microbial aggregation and biofilm development.

In Phase I, the PN/PS ratios for the modified and unmodified systems were 1.13 and
1.39, respectively, with PS values of 18.94 mg/g VSS and 23.32 mg/g VSS, showing minor
differences. This is because during the initial adhesion stage, biofilms require increased PS
secretion to form a buffer layer between the aqueous environment and microorganisms,
protecting them from trace toxic substances and adapting to relatively harsh conditions.
Meanwhile, PS enhance the compactness and stability of biofilm structures. EPS form gels
via hydrogen bonds, and the PS content in EPS plays a critical role in the initial microbial
attachment [44].
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During Phases II and III, the PN /PS ratios in the modified reactor remained higher
than those in the unmodified reactor. The increasing disparity reflects dynamic changes
in the PN and PS compositions across reaction phases. The strong aggregation capacity
of activated sludge is primarily attributed to PNs, which is dominated by hydrophobic
amino acids. The hydrophobicity of the PNs correlates positively with EPS hydrophobicity,
thereby promoting flocculation [45].

Figure 7c presents the EEM spectra of sludge TB-EPS from both reactors at different
operational phase, revealing three distinct EPS-associated fluorescence peaks. Peak A
(275 nm/340-360 nm) corresponds to tryptophan in proteins, Peak B (230 nm/300-330 nm)
represents tyrosine, and Peak C (220 nm/335-355 nm) reflects aromatic protein-like sub-
stances. The peak positions show negligible shifts, indicating no significant changes in
the EPS chemical composition. The fluorescence intensities gradually increased with the
reaction’s progression, aligning with the PN trends in the EPS. As the particle size and
biofilm thickness increased during the operation, EPS secretion intensified. The fluores-
cence intensities of Peaks A and B rose significantly, with tryptophan becoming more
prevalent during biofilm development, serving structural and stabilizing roles in EPS. Tryp-
tophan fluorescence properties, monitored via EEM, aid in studying EPS composition and
dynamics. The modified system exhibited higher intensity ratios of tryptophan-to-tyrosine
peaks compared to the unmodified reactor (R1), reflecting enhanced protein synthesis
and accumulation in the modified biofilms. The elevated PN/PS ratios increased the
sludge surface’s hydrophobicity, accelerating biofilm formation and improving structural
robustness [46].

3.3.3. Microbial Community in Biofilm

To explore microbial community evolution during the start-up of a single-stage PN/A
process, high-throughput sequencing was performed on sludge samples from a blank con-
trol (inoculated sludge) and reactors with modified or unmodified carriers. Figure 8a shows
the microbial community composition at the phylum level. The dominant phyla included
Proteobacteria, Chloroflexi, Bacteroidota, and Planctomycetota. Proteobacteria encompasses AOB
and NOB [47]. Chloroflexi contains minor NOB populations, while Planctomycetota primarily
harbors anaerobic AnAOB [48]. Figure 8b displays genus-level taxonomic profiles. Deni-
tratisoma spp. represents denitrifying bacteria. Candidatus Brocadia spp. and Candidatus
Kuenenia spp. are typical AnNAOB genera in wastewater systems [49]. Nitrosomonas spp.
(AOB) and Nitrolancea spp. (NOB) were also identified.

As shown in Figure 8a, Planctomycetota abundances in the modified and unmodi-
fied reactors were lower than in the blank control. This may be attributed to the glucose
supplementation only during the first 10 days of Phase I, which likely eliminated het-
erotrophic microorganisms within Planctomycetota under unfavorable conditions. Since
Planctomycetota hosts AnAOB, increased dissolved oxygen from aeration inhibited their
growth [2]. Notably, the modified reactor exhibited higher Planctomycetota abundance than
the unmodified reactor, possibly due to localized ammonia-rich microenvironments around
the modified carrier, enhancing AnAOB activity and ammonia removal.

By the end of Phase IlII, decreased Proteobacteria and Chloroflexi abundances in both
reactors likely resulted from NOB suppression and partial AOB washout from flocs. Bac-
teroidota enrichment correlated with biofilm development, as its associated microorganisms
promoted denser biofilm structures. The increased Planctomycetota proportions confirm
AnAOB proliferation. Notably, the Planctomycetota abundance in the modified reactor
was 1.4-fold higher than in the unmodified system, demonstrating the modified carrier’s
superior ability to support AnAOB growth.
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Figure 8. Evolutionary patterns at the phylum level of carrier microbial communities during PN/A
initiation (a); evolutionary patterns at the genus level of vector microbial communities during PN/A
initiation (b); heatmap depicting microbial abundance in seed sludge and various reactors during
phase I (c); heatmap depicting microbial abundance in different reactors during phase III (d).

Figure 8b displays genus-level microbial community composition, revealing significant
microbial shifts. The relative abundances of Denitratisoma spp. increased in both the
modified and unmodified reactors during Phase III. This is likely because high aeration
initially suppressed its activity, while reduced dissolved oxygen levels later provided
favorable conditions for its recovery.

As shown in Figure 8c,d, the abundance of NOB was far lower than that of AOB,
indicating that gradual aeration reduction successfully suppressed NOB activity, facilitated
their washout, and effectively inhibited NOB proliferation. The enrichment of Candidatus
Kuenenia spp. and Nitrosomonas spp. in the PN/ A biofilm aligns with previous effluent
results. This demonstrates that the gradual aeration reduction strategy maintained AOB ac-
tivity while suppressing NOB activity and enhancing AnAOB activity. Higher proportions
of Candidatus Kuenenia spp. and Nitrosomonas spp. in the modified reactor compared to
the unmodified reactor suggest that the ammonia-rich microenvironment formed by the
modified carrier promoted AnAOB activity improvement.

4. Conclusions

This study engineered a dual-functional polyurethane carrier incorporating surface
charge modification (polyquaternium-10) and zeolite integration to optimize PN/ A process
initiation in SBR systems. By introducing the positively charged material polyquaternium-
10, the carrier’s surface charge increased from —7.45 mV to +1.79 mYV, facilitating biofilm
formation on the carrier surface and increasing both suspended biomass and attached
biomass. Zeolite loading endowed the carrier with an ammonia nitrogen adsorption
capacity of 4.50 mg/g carrier. The detection results of the microbial community structure
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reveal decreased NOB abundance and increased AnAOB abundance, suggesting that the
zeolite-modified surfaces created an ammonia-rich microenvironment that suppressed NOB
activity while enhancing AnAOB activity. The reactor operation results demonstrate that
the composite-modified carrier successfully initiated the PN /A process, whereas reactors
with unmodified carriers failed to establish the PN /A process. During the operation of
the experimental conditions, the modified carrier did not break. However, due to the
relatively loose pores of the polyurethane sponge, the material had a certain service life
and needed to be replaced regularly. The modified carrier has the ability to rapidly start-up
PN/A and has a certain resistance to environmental shocks. It has a promising future in
larger-scale applications.
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Abstract: In recent years, graphene oxide (GO)-based two-dimensional (2D) laminar membranes
have attracted considerable attention because of their unique well-defined nanochannels and deliver a
wide range of molecular separation properties and fundamentals. However, the practical application
of 2D GO layered membranes suffers from instability in aqueous solutions as the interlayer d-spacing
of GO membranes is prone to expansion caused by the hydration effect. In this study, the effects of the
ethylenediamine (EDA) addition amount on the structure, crosslinking mechanism and separation
performance of GO membranes were investigated systematically, and membrane performance was
evaluated using water permeability and dye/salt rejection tests. The experimental results show that
the amine groups of EDA chemically bond with the hydroxyl functional group (O=C-OH) of GO after
intercalation, as evident from Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS). By further controlling the amount of the intercalated EDA, the as-prepared GO
composite membranes show nanoscale-tuned d-spacing promising for downstream applications.
In the demonstrated dye/salt nanofiltration scenario, the EDA intercalated and crosslinked GO
membrane has enhanced permeability by over five times and a better dye rejection rate of over
96% compared with pure GO membranes. These findings highlight a facile strategy for controlling
nanochannels by tuning the amounts of reactive intercalants.

Keywords: graphene oxide; D-spacing; crosslinking; EDA; destaining and desalting

1. Introduction

Nanofiltration membrane technology, which has developed rapidly over the past
few years, shows significant advantages in the fields of seawater desalination, molecular
separation and water filtration [1-3]. With a small pore size, nanofiltration membranes
selectively screen separators mainly through sieve size and charge effect on membrane
surfaces [4]. Meanwhile, they also show a good ability to remove the chrominance in water,
which indicates their potential to treat dyes and desalting [5,6].

As a classic two-dimensional (2D) material, graphene oxide (GO) is abundant in
oxygen-containing groups (carboxyl, hydroxyl and epoxide) on its surface and edge [7-9],
which endows it with strong hydrophilicity and pollution resistance [10,11]. In addition,
the membranes prepared by GO have a unique layered structure and nanoscale channels
and are suitable for size-dependent molecular screening and water penetration. These
properties make GO membranes suitable alternatives for conventional polymeric nanofil-
tration membranes [12-17]. However, the performance of GO membranes is affected by
the solution diffusion mechanism [18]. When a GO membrane is placed in an aqueous
solution, water molecules will first dissolve in the membrane material and diffuse through
the membrane. This leads to the insertion of two-three layers of water molecules into the
interlayer of GO channels, which increases the spacing between GO neighboring layers
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and thus the phenomenon of “expansion”. This may give rise to the swelling of the layered
structure of GO nanomembranes and destroy nanomass transfer channels, which thus
limits the application of GO membranes in aqueous solutions [19,20].

To build a stable interlayer nanochannel of GO membranes and optimize the sep-
aration performance of membranes, some methods have also been tried to prepare GO
membranes. At present, the main preparation methods include crosslinking, partial re-
duction and multi-material hybrid methods [21]. In general, the crosslinking method is
employed to prepare GO membranes by connecting GO nanosheets with crosslinking
agents to inhibit the hydration of GO membranes and improve their stability [22]. Com-
monly used crosslinkers include molecular polymers containing amino groups, such as
ethylenediamine (EDA) [23], p-phenylenediamine [24] and polyethylenimine [25]. The
amines contained in these polymers can be condensed with the carboxyl groups on the GO
to produce a new C-N covalent bond to fix the GO membrane. For example, Hung et al. [23]
selected three diamine monomers (EDA, butylenediamine and p-phenylenediamine) and
successfully prepared GO composite nanofiltration membranes with different layer spac-
ings via pressure-assisted self-assembly technology. Thus, the layer spacing stretching
caused by membrane expansion was effectively inhibited. Wansuk et al. [26] coated GO
multilayer membranes on the surface of polyamide membrane composite membranes by
depositing GO nanosheets with opposite charges layer by layer. The results show that the
prepared membranes have excellent anti-fouling and -chlorine properties.

In addition to using amine molecules with different structures to build interfacial
molecular bridges to improve membrane performance, it has also become a direction
to optimize the performance of GO membranes by embedding crosslinker molecules
with different qualities. By adjusting the molecular weight of polyethyleneimine (PEI),
Wang et al. [27] fine-tuned the interlayer structure, surface charge and hydrophilicity
of a GO membrane, and the optimized membrane showed a high desalination rate and
excellent mechanical stability. Kong et al. [28] found that the addition of more dopamine
(DA) can weaken the hydration of GO nanosheets and overcome swelling in water, which
effectively adjusts the interlayer spacing and crosslinking network structure. As a result, GO
membranes can still maintain the performance of accurate separation in aqueous solutions.
In previous studies [23,29,30], EDA has been reported to be an effective crosslinking agent
for GO nanosheets, and EDA crosslinked GO composite membranes have lower interlayer
spacing compared to other diamine monomers. Nevertheless, few studies have examined
the effect of the amount of EDA on the material transport and interlayer structure of GO
membranes. This research gap prompted researchers to systematically study the mass
transfer process of GO membranes by adjusting different EDA amounts. This study aimed
to study the feasibility and mechanism of EDA mediating GO membranes on nanofiltration
structure and sieving performance by regulating the EDA amount.

In this study, a simple vacuum filtration method was used for synthesizing stable
mixed cellulose ester (MCE)/GO/EDA membranes. By adding different amounts of EDA,
an interfacial molecular bridge was constructed to regulate the layer spacing and screening
performance of GO composite nanofiltration membranes. The structure and screening
performance of EDA-mediated GO membranes were further studied.

2. Experimental Section
2.1. Materials

Single-layer graphene oxide (GO, Jiangsu Xianfeng Nanomaterials Technology Co.,
Ltd., Nanjing, China). Pure sodium chloride (NaCl, Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China), sodium sulfate (Na;SO4, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) and magnesium sulfate (MgSQO,, Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China). Ethylenediamine (EDA, Shanghai Maclin Biochemical Technology
Co., Ltd., Shanghai, China). Hybrid Cellulose Ester Microporous Filter Membrane (MCE,
Hangzhou Micropay Technology Co., Hangzhou, China) with a pore size of 0.22 pum.
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Methylene Blue (MB, Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai,
China). The experimental water used was deionized water.

2.2. Preparation of MCE/GO/EDA Composite Membranes

After 20 mg of GO powder was weighed and mixed with 500 mL of deionized water,
40 mg/L of GO dispersion was obtained by ultrasound at 30 °C for 30 min. After 40 mL and
40 mg/L of GO dispersion were evenly mixed with 100 mL of deionized water, different
amounts of EDA were added, and the GO/EDA mixture was made using ultrasound at
30 °C for 30 min. Then, the mixture was filtered to the MCE membrane through a vacuum
filtration device by the vacuum filtration method to obtain the MCE/GO/EDA membrane.
The different types of MCE/GO/EDA membranes are named according to the amount
of EDA added. For instance, MCE/GO/EDA-X indicates that the amount of EDA added
to the graphene oxide composite membrane is “X” mL. Figure 1 shows the preparation
process of the MCE/GO/EDA composite membrane.

f\ Mixed solution

3 Ultrasound was @)
H performed below H
m 30°C for 30min ———
EDA GO dispersion GO/EDA-X dispersion

MCE/GO/EDA-X membrane

Figure 1. Preparation process of MCE/GO/EDA composite membranes.

2.3. Characterization of MCE/GO/EDA Membranes

Fourier transform infrared spectroscopy (FTIR, Nicolet iS10, Thermo Fisher Scientific,
Waltham, MA, USA) and X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
Alpha, Thermo Fisher Scientific Waltham, MA, USA) were utilized for analyzing the
functional groups and structures of MCE/GO/EDA membranes. The surface and cross-
section morphology of MCE/GO/EDA membranes were observed by scanning electron
microscopy (SEM, Regulus 8100, Hitachi, Japan). The crystal structure of GO nanosheets
was analyzed using an X-ray diffractometer (XRD, D8 ADVANCE, Bruker, Germany). The
sample was scanned from 5 to 55°. The d-spacing (d) of the prepared GO membrane can
be calculated by Bragg’s law in Equation (1).

nA
d= 2sinf

)

where A is X-ray wavelength; 0 is the diffraction angle; and n is the diffraction order.

The hydrophilicity of the surface of the prepared membrane materials was tested
using a contact angle tester (CA, JY-82C, China Chengde Dingsheng, China) at least twice
for each membrane. The surface structure and roughness of membranes were observed
using atomic force microscopy (AFM, Bruker Dimension ICON, Bruker, Germany). The
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surface charge of the GO membrane was observed using a zeta potential analyzer (Anton
Paar surpass3, Anton Paar Austria Ltd., Graz, Austria).

2.4. Evaluation of Membrane Performance

The permeability of MCE/GO/EDA membranes was assessed by measuring mem-
brane flux using deionized water as the feed solution. NaCl, Na;SO4, MgSO4 and 10 ppm
MB solutions with concentrations of 1000 ppm were used as feed solutions to test the
rejection performance of membranes.

A dead-end filtration device was applied to test membrane performance, and a di-
agram of the device can be obtained from our previous study [31]. The filtration system
consists of a nitrogen pressurizer, a sealable water tank, a digital balance, a 300 mL filter
cup, a magnetic stirrer and computerized online measurement software. Regarding the
measurement of rejection performance, the specific filtration process is as follows: (1) the
membrane was compacted first for 2 h to achieve a stable flux, with a transmembrane
pressure of 2 bar; (2) the transmembrane pressure was reduced to 1 bar, and the pure water
flux was recorded every 30 s. At least 40 measurements were collected to obtain average
flux values; (3) deionized water was replaced by salt and MB feed solution. Filter cups
were stirred using a stirring rod at 600 rpm to minimize concentration polarization, and
then the transmembrane pressure was restored to 1 bar. After filtering for a period of time,
15 mL of filtrate was gathered.

Membrane permeability (J, Lm 2 h~! bar~!) was determined according to Equation (2)
by membrane effective area (A, m?) per unit time (T, h) per unit pressure (P, bar) per volume
of penetrant (V, L).

14
I=m3axp @

The conductivity meter was utilized to measure the conductivity of the filtrate and
stock solution before filtration to evaluate the desalting performance of the membrane.
The dye solution was measured using ultraviolet-visible spectrophotometry (UV-VIS) to
evaluate the effect of the membrane on dye rejection.

The rejection of salt ions and dyes (R) was calculated using Equation (3). Cyp and C;
corresponded to the concentrations of the feed solution and filtrate, respectively.
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R
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x 100% 3)

3. Results and Discussion
3.1. FTIR Characterization of MCE/GO/EDA Membranes

The membrane was characterized by FTIR to illustrate the bond between EDA and
GO. As shown in Figure 2, the original GO membrane is rich in oxygen-containing groups,
among which absorption peaks can be observed at 3352, 1730, 1631 and 1274 cm~! wave
numbers. Corresponding to hydroxyl and carboxyl groups (-OH and —-C=0), carbon—
carbon double bond (—-C=C-) and epoxy group (-C-O-C-), these data are consistent with
the research results of Chen et al. [32]. After EDA treatment, the carboxyl group (—-C=0)
disappeared in the MCE/GO/EDA membrane; hydroxyl and epoxy groups (-OH and
~C-O-C-) significantly decreased; and a new absorption peak (C-N, 1454 cm~!) appeared,
which indicated that the amine group of EDA would condense with the carboxyl group of
GO. The nucleophilic substitution reaction with the epoxide group formed C-N covalent
bonds [23], and the crosslinking reaction occurred successfully. Due to relatively mild
crosslinking reaction conditions during the preparation of the composite membrane, the
new absorption peaks generated were not significant. Hence, XPS was further used to
analyze the composition of elements in the membrane and understand the reaction principle
of GO and EDA.
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Figure 2. Fourier infrared spectra of MCE/GO and MCE/GO/EDA-X membranes.

3.2. XPS Characterization of MCE/GO/EDA Membranes

XPS was used to further analyze the crosslinking reaction between GO and EDA.
As presented in Table 1, the increase in EDA amount from 1 to 9 mL was accompanied
by a decrease in the O element of the EDA-loaded GO membrane from 27.1% to 21.2%,
an increase in the N element from 4.79% to 5.74%, and a decrease in the O/C ratio from
0.40 to 0.29. The ratio (0.29) of O element to C element in the EDA-loaded GO membrane
is significantly lower than that (0.49) of O element to C element in the original MCE/GO
membrane. This is due to the reaction of EDA with the oxygen-containing functional
groups of GO and the loss of oxygen-containing functional groups in the reaction process,
which reduced the O/C ratio [33].

Table 1. XPS analysis of MCE/GO and MCE/GO/EDA-X membranes.

Sample O/% N/% C/% o/C
MCE/GO 32.14 - 67.86 0.47
MCE/GO/EDA-1 27.1 4.79 68.11 0.40
MCE/GO/EDA-3 24.72 49 70.38 0.35
MCE/GO/EDA-5 224 5.14 72.46 0.31
MCE/GO/EDA-7 21.89 5.63 72.48 0.30
MCE/GO/EDA-9 21.2 5.74 73.06 0.29

It can be seen from Figure 3 that the scanning spectra of the XPS Cl1s region of the
original MCE/GO membrane and MCE/GO/EDA composite membrane with different
amounts of EDA were decomposed into five peaks: C—C (284.8 eV), C-O/C-N (286 eV),
C-0O-C (286.85 eV), C=0 (288.25 eV) and O-C=0 (289.4 eV). Compared with the original
MCE/GO membrane, the modified MCE/GO/EDA membrane exhibited a decrease in
the C-O-C peak and an increase in the C-O/C-N peak. This is because GO contains
active epoxy groups, and its exposure to the amine group leads to the active ternary epoxy
ring opening reaction, which results in a new C-N bond [34]. This confirms that the
crosslinking reaction between EDA and GO is successful. As illustrated in Figure 3b—f,
the C-O-C peak of the MCE/GO/EDA membrane decreased, and the C-O/C-N peak
increased more significantly with the increase in EDA amount. This also indicates that
more oxygen-containing groups were consumed in the reaction to generate C-N covalent
bonds, which greatly increased the stability of the membrane.
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Figure 3. Analysis of XPS elements in the Cls region of the original MCE/GO membrane (a) and
MCE/GO/EDA composite membrane (b—f).

3.3. Zeta Potential and Water CA Analysis

To investigate the effect of the embedding amount of EDA on the surface charge of the
GO membrane, the zeta potentials of MCE/GO and MCE/GO/EDA-X membrane samples at
Pondus hydrogenii (pH) = 7 were measured. Previous reports have demonstrated that GO
membranes are negatively charged due to numerous carboxyl and hydroxyl functional groups
on the surface [35,36]. As shown in Figure 4a, the surface potential of the original MCE/GO
membrane is —46.02 mv, which is highly consistent with the research report of Zhang et al. [37].
In the meantime, it can be observed that the electronegativity of the membrane surface began
to weaken with the increase in the embedding amount of EDA, but it still had a negative
charge. This evolution of surface charge may be attributed to the removal of oxygen-containing
functional groups by a large amount of EDA reduction. This indicates that surface charge can
be properly regulated by changing the embedding amount of small amine molecules, which
would play an important role in ion transport in the membrane.
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Figure 4. Surface zeta potentials (a) and water CAs (b) of MCE/GO and MCE/GO/EDA-X membranes.

It can be observed from Figure 4b that the CA of the MCE/GO/EDA membrane
generally presented a trend of decrease with the increase in the EDA addition amount
from 0 to 5 mL. Additionally, the hydrophilicity of the MCE/GO/EDA membrane was
improved, which was related to the abundant oxygen-containing hydroxyl groups (-OH)
on the membrane. The epoxide group (-C-O-C-) was associated with the amine group (-N-
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H-) [28]. In addition, the change in the surface roughness of the membrane also changed its
hydrophilicity [38,39]. However, the water CA of the MCE/GO/EDA membrane also began
to increase, and its hydrophilicity decreased as the amount of EDA continued to increase.
This indicates that the oxygen-containing groups on the surface of the MCE/GO/EDA
membranes are reduced by EDA, and the hydrophilicity of the amines grafted onto the
membranes is weaker compared to the hydrophilic hydroxyl groups, which greatly reduces
the hydrophilicity of the membranes.

3.4. XRD Characterization of MCE/GO/EDA Membranes

According to the XRD pattern of the composite membrane, the Bragg formula was
used to calculate the layer spacing of the composite membrane mediated by EDA with
different amounts in dry and wet states (Figure 5a,c). In the dry state, the d-spacing
corresponding to the original GO membrane is 0.747 nm, which is basically in line with the
previously reported results [16,33]. With the increase in EDA amount, the layer spacing
of the MCE/GO/EDA membrane increased. This shows that membrane spacing can be
adjusted by adding different EDA amounts to different substances, which is expected to
achieve the effect of accurately removing ions and molecules of different sizes. In addition,
it can be seen from the MCE/GO and MCE/GO/EDA membranes tested in the wet state
that the original MCE/GO membrane significantly expanded the size of the interlayer
nanochannel due to the widespread swelling phenomenon (Figure 5d). Water molecules
filled the membrane interlayer and stretched the interlayer spacing, which would seriously
weaken the ion exclusion ability of the GO membrane [40]. Of note, the structure of the
MCE/GO/EDA membrane did not change significantly with the increase in the embedding
amount of EDA (Figure 5b). This is because the amine group of EDA formed effective C-N
covalent bonds within the GO membrane to interlock GO nanosheets, which resisted the d-
spacing stretching phenomenon [41]. The layer spacing of the MCE/GO/EDA-9 membrane
cannot be accurately measured, possibly because excessive crosslinking would increase the
disorder of the membrane in the water environment. Consequently, the intensity of the
XRD peak was not observed.
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Figure 5. XRD patterns and d-spacing of MCE/GO and MCE/GO/EDA-X membranes: (a) dry state;
(b) D-spacing; (c) wet state; (d) swelling phenomenon.
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3.5. SEM Characterization of MCE, MCE/EDA and MCE/GO/EDA Membranes

The surface morphology and cross-sectional structure of the membrane were charac-
terized by SEM (Figures 6 and 7). MCE and MCE/EDA membranes were characterized for
their comparison after EDA treatment. As shown in Figure 6a,b, the surface aperture of the
MCE/EDA membrane after EDA treatment did not change significantly compared with
that of the original MCE membrane, which indicated that EDA did not change the surface
morphology of the MCE base membrane. The surface morphology of MCE/GO/EDA
membranes synthesized under different EDA loading loads is shown in Figure 6c-h. The
surface of all MCE base membranes is covered by a uniform layer of GO nanosheets, with
typical folded surface morphology and well-layered layered structure [42] owing to rich
oxygen-containing groups on the surface of GO, which makes it form nanoscale folds in
GO nanosheets and provides mass transfer channels for water molecules [43].

Figure 6. SEM surface images of MCE base (a), MCE/EDA (b), MCE/GO (c) and MCE/GO/EDA-X
membranes (d-h).

As shown in Figure 7, no obvious gap existed between the GO layer and MCE base
membrane in the MCE/GO/EDA membrane after EDA treatment compared with the
MCE/EDA base membrane. This also indicates that GO and MCE membranes were closely
combined through EDA crosslinking. Figure 7 shows the change in the thickness of the GO
nanolayer under different EDA addition amounts, which is aligned with the expectation.
With the increase in the EDA addition amount from 0 to 9 mL, the thickness of the GO/EDA
layer increased from 273 to 605 nm. The change in the thickness of the GO layer meant that
EDA embedded in the GO layer membrane could adjust the layer spacing of the GO layer
membrane, which is consistent with the XRD test results.
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Figure 7. SEM cross-section images of MCE/GO and MCE/GO/EDA-X membranes.

3.6. AFM Characterization of MCE/GO/EDA Membranes

The effect of EDA on the surface roughness of the MCE/GO membrane was further
studied by using AFM to characterize surface morphology. The 3D AFM images of the
surface of the MCE/GO/EDA membrane under different EDA addition amounts are
shown in Figure 8. It can be seen that the roughness of the membrane surface increases
and then decreases with the amount of EDA. It was confirmed that the variation in the
roughness of the MCE/GO/EDA membrane was linked to the crosslinking reaction of
EDA and GO, and a higher crosslinking degree would lead to a more uniform deposition
of GO on membrane surfaces, which resulted in a decrease in roughness [28]. When EDA
was embedded into GO interlayer nanochannels, the roughness of the MCE/GO/EDA
membrane became larger. Rough membranes can provide more water contact sites, which

is conducive to the rapid flow of water through membranes and the increase in water
flux [44].
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Figure 8. AFM images and surface roughness of MCE/GO and MCE/GO/EDA-X membranes.

31




Polymers 2024, 16, 3123

3.7. Salt Rejection Performance

In the research process, a 1 bar terminal filtration device was used to test the water
permeability, desalting performance and dye removal performance of the MCE/GO/EDA
membrane under different EDA loads. As shown in Figure 9a, the MCE/GO membrane
without EDA treatment exhibited low water flux, which resulted in the collapse of interlayer
nanochannels because the GO membrane was easy to compact [45]. In general, it can be
seen that EDA addition has a great influence on the water flux of the MCE/GO/EDA
membrane. When the load value of EDA increased from 0 to 5 mL, the pure water flux
of the MCE/GO/EDA membrane presented an increasing trend, which may be due to
the increase in GO layer spacing and the expansion of interlayer nanochannels mediated
by EDA into the GO layer. The rapid passage of water molecules was facilitated through
the GO nanolayer. Nonetheless, the water flux of the MCE/GO/EDA membrane was
reduced when the amount of EDA was further increased to 9 mL because of excessive
EDA mediating the GO layer, which could easily cause a “blockage” phenomenon, thus
hindering the flow of water molecules.

As shown in Figure 9b, the salt rejection rate of the GO membrane is Nap;SOy4 > MgSOy
> NaC(l, and the GO membrane has a higher rejection rate of Na;SO4 than NaCl. The reason
is that high-valence co-ions need to overcome a larger interaction energy barrier than
low-valence ones during ion transport [46]. Mg?* transmission is inhibited, and MgSOy has
a higher interception rate than NaCl since the hydration radius of Mg?" is larger than that
of Na*. Moreover, the rejection rate of Na,SOj is higher than that of MgSO,, which concurs
with previous research reports [47]. It can be observed from the figure that the rejection
rate of NapySOj, decreased slightly when the amount of EDA increased from 1 to 5 mL and
began to rise when the amount of EDA increased to 9 mL. This is because excessive EDA
made the structure of GO more dense [13], and the “blockage” phenomenon of interlayer
nanochannels occurred. The rejection rate of Na;SOy increased to 23.57%. By controlling
the amount of EDA added, the layer spacing of the GO membrane can be adjusted, which
thus affects its water flux and salt rejection performance. As demonstrated in Figure 9, the
flux of the MCE/GO/EDA membrane reached the maximum value of 104.07 L./ m?-h-bar
with the addition of 5 mL EDA, while the salt rejection rate decreased.
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Figure 9. Effects of different EDA addition amounts on water flux (a) and salt rejection (b) of
MCE/GO/EDA-X membranes.
3.8. Dye Rejection Performance

It is well known that the dye removal effect of nanofiltration membranes is closely
related to the pore size of membranes and the charge property of membrane surfaces [48-50].
As illustrated in Figure 10a, the removal rate of MB dye for MCE/GO/EDA membranes
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with different EDA addition amounts is above 96%. This indicates that the negative
electronegativity of the membrane surface is weakened by the embedding of EDA into
the GO membrane, which reduces the attraction with the positively charged methylene
blue molecules and attenuates the permeation of methylene blue molecules within the
membrane. Despite the increase in interlayer nano-channels, the high rejection rate of MB
was maintained.

Zhang et al. [33] prepared GO-UR/CA membranes by crosslinking graphene oxide
(GO) with urea (UR), and the rejection rates of KCl, NaCl and MgSO, were 21.6%, 26.8%
and 63.2%, respectively. Yuan et al. [51] used the covalent crosslinking of thiourea (TU)
molecules with graphene oxide, which significantly increased the salt rejection rate (the
rejection rate of NaCl was 95.6% and 90.2% for MgCl,). Chandio et al. [52] prepared
c¢GO/SAA membranes using serine amino acid (SAA)-modified GO with excellent separa-
tion efficiencies of 99% and 98% rejection of rhodamine B and methylene blue, respectively.
Compared with previous studies, the composite membranes prepared by crosslinking EDA
with GO in this paper showed lower rejection of salt ions but had relatively high water
flux and high dye rejection, which can help to achieve dye/salt selective separation in
practical applications.

To assess the stability of the membrane, it was immersed in a dye solution for 10 d,
and the dye retention recovery rates of MCE/GO and MCE/GO/EDA-5 membranes
were subsequently evaluated. As shown in Figure 10b, the initial dye retention rates of
MCE/GO and MCE/GO/EDA-5 membranes were similar, and the dye retention recovery
rate of the MCE/GO/EDA-5 membrane was 90.90% after 10 d of immersion, while that
of the MCE /GO membrane was only 81.82% of the original value. This indicates that the
MCE/GO/EDA-5 membrane has stronger stability than the MCE /GO one.
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Figure 10. Effects of different EDA addition amounts on the MB dye removal (a) and stability (b) of
the MCE/GO/EDA-X membrane.

The desalting and dye removal performance of the MCE/GO/EDA membrane was
mainly related to the steric hindrance effect and electrostatic interaction [4]. As shown in
Figure 11, the negatively charged ions would be repelled by electrostatic repulsion and
could not penetrate the GO membrane because the membrane was negatively charged.
Meanwhile, some ions whose hydration radius is larger than the aperture were also blocked
outside the membrane. For the mass transport in pores, larger molecules or ions have a
higher affinity for interlayer nanochannels owing to their weak interaction with bound
water molecules, which resulted in the phenomenon of adhesion to transport channels [53].
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Figure 11. Ion transport mechanism of the MCE/GO/EDA-X membrane.

4. Conclusions

In this study, the effect of EDA amount on the structure and sieving performance of
GO was studied by regulating interlayer nanochannels and adding different EDA amounts.
EDA can form C-N covalent bonds via amidation with GO, which helps to inhibit the
swelling of GO interlayer nanochannels. In the process of regulating layer spacing, it was
found that an appropriate amount of EDA was beneficial to improving the mass transfer
process of water molecules in interlayer nanochannels, whereas an excessive amount of
EDA would lead to the dense structure of GO and improve the selectivity of Na;SO4 and
NaCl. In addition, interlayer spacing was almost not increased. In conclusion, a stable
interlayer nanomass transfer channel was constructed by embedding a high amount of
EDA into the GO membrane, which is very important for GO to control ion transport as a
nanofiltration membrane.
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Abstract: Nine copolymers of acrylic acid and sodium methallyl sulfonate were tested as scale
inhibitors in thermal desalination. The nine antiscalants covered molar masses between 2000 and
9500 g.mol~! and concentrations of sulfonated monomer ranging between 10 and 30 mole percent. A
pressure measurement and control (P>-MAC) unit and a high-temperature pressurized vessel were
used to measure the effectiveness of the scale inhibitors in seawater, concentrated seawater, and
model solutions at 125 °C. The effectiveness of the novel copolymers was comparable to commercial
antiscalant at times up to 15 min and improved at longer times. Molar mass was a more important
determinant of effectiveness than degree of sulfonation, with the greatest mitigation of calcium sulfate
precipitation observed for antiscalants of molar mass 2000 to 2500 g.mol ™! regardless of sulfonate
content. Antiscalants of molar mass 4500 to 5000 g.mol™' showed a higher threshold effect than
antiscalants of molar mass 7000 to 9500 g.mol™!, with a 30% sulfonated polymer of molar mass
4500 g.mol~! performing appreciably better than other polymers of a similar molar mass.

Keywords: thermal desalination; calcium sulfate; scale inhibitor; seawater desalination

1. Introduction

While the relative contribution of thermal desalination to global water production
from seawater has declined significantly over the past few decades, in absolute terms it
has only recently plateaued, and Multi-Stage Flash (MSF) and Multiple-Effect Distillation
(MED) still provide the majority of the potable water for the Gulf Co-operation Council
region, where the total dissolved solids content of seawater is significantly higher than
that of standard seawater [1]. The factors that have led to the replacement of thermal de-
salination by membrane-based processes are purely economic [2], with thermal processes
being significantly less vulnerable to negative variations in water quality, to defects in
operation and maintenance, and to supply chain disruptions. The formation of inorganic
scale, chiefly “hard scale’ composed of calcium sulfate, has a negative impact on the op-
eration of thermal desalination plants by reducing heat exchanger effectiveness [1,3]. As
calcium sulfate is an inverse solubility salt, its precipitation is the primary factor deter-
mining the top brine temperature of operations [4-9]. As the overall efficiency of thermal
desalination increases with increasing top brine temperature, more effectively addressing
the problem of inorganic scaling in thermal desalination is important. This is true not only
for improving the efficiency of the operation of existing thermal desalination infrastructure,
but for improving the economic competitiveness of potential future thermal desalination
plants operating over an extended temperature range. The primary means by which hard
scale formation is controlled is by the addition of scale inhibitors at the low-ppm level,
typically polycarboxylate polymers of relatively low molar mass [10-16]. Carboxylates
have been demonstrated to interact with forming calcium sulfate microcrystallites not only
to inhibit precipitation but to enhance the formation of calcium sulfate hemihydrate at
low temperatures and are not necessarily the ideal polymeric species for calcium sulfate
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control [17]. We have previously reported on the synthesis by Reversible Deactivation
Radical Polymerization and testing of poly(acrylic acid) scale inhibitors incorporating
various end groups on the formation of calcium sulfate scale under conditions relevant to
thermal desalination [18]. The work reported on here, which was carried out previous to
that work but has only become possible to publish at this time, deals with the testing of
copolymers of acrylic acid and sodium methallyl sulfonate as scale inhibitors. In contrast
to carboxylates and phosphonates, relatively little published work has appeared on the
use of the sulfonate functional group in scale inhibition (e.g., [19-21]) and none to our
knowledge on the prevention of hard scale under the conditions prevailing in thermal
desalination. Due to the similarity in structure between the sulfonate group and the sulfate
group, it is reasonable to expect relatively strong interactions between sulfonate and anion
binding sites on the surface of forming calcium sulfate crystallites, impeding growth of
such crystallites, and for this reasons sulfonate antiscalants have found application in the
control of barium sulfate scaling in oilfields [19,20].

2. Materials and Methods
2.1. Copolymere

Nine copolymers of acrylic acid and sodium methallyl sulfonate (SMS) were synthe-
sized in Degussa Laboratories in Krefeld, Germany, and supplied as viscous solutions
of 29.9-31.5% solids. The major known characteristics of the copolymers as reported by
Degussa Laboratories are given in Table 1.

Table 1. Composition and molar mass of antiscalants.

Molar Mass/103 (M)

Sample Number wiw % SMS Degussa/RI/UV Molar Mass/10% (Mp)

1 9 25/29/2.3 1.6/1.5/1.2
2 18 2.0/2.6/1.8 1.5/1.5/0.9
3 28 25// 1.6//

4 9 5.0/5.9/3.0 3.0/34/1.3
5 19 5.0/5.5/4.3 3.0/25/1.7
6 28 45/5.0/3.4 3.0/2.1/1.6
7 9 9.0/10.9/8.7 6.0/6.5/2.9
8 19 9.5// 6.0//

9 30 7.0/8.7/5.8 5.0/5.7/2.0

'H (Figure S2) and '3C (Figure S1) NMR of samples 2, 4-7, and 9 were collected on a
Spinsolve 80 spectrometer (Magritek GmbH, Aachen, Germany) in aqueous solution and
are shown in the Supplementary Information. Spectra showed a qualitative increase in
peaks associated with SMS consistent with the reported composition, although the broad
overlapping polymer peaks could not be integrated to give a quantitative composition.

Size Exclusion Chromatography was carried out on samples 1-2, 4-7, and 9 with a
1260 Infinity system (Agilent Technologies, Dubai, United Arab Emirates) using two PL
Aquagel-OH 20 columns in series with both UV and RI detection (Figure S3). Samples of
approximately 2 mg/mL were prepared in 0.34 M NaCl solution buffered with 1% w/v
1:1 H,PO4 ~:HPO,4?~. A calibration curve was prepared using five molar mass standards of
poly(acrylic acid) (Agilent; My, = 1550, 2925, 7500, 16,000, and 28,000 g/mol). The eluagrams
obtained are shown in the Supplementary Information and poly(acrylic acid) equivalent
molar masses are given in Table 1 for both Rl and UV eluagrams.

2.2. Other Materials

Arabian Gulf Seawater of approximate composition given below (Table 2) and artificial
seawater were employed. AR-grade sodium chloride, potassium chloride, magnesium
sulfate, calcium chloride, and sodium bicarbonate were used to prepare artificial seawater.
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Table 2. Representative Arabian Gulf seawater composition [6].

Parameter Value Unit
TDS 44,500 ppm

pH 8.1
Chloride (C17) 23,500 ppm
Sodium (Na*) 12,400 ppm
Sulfate (SO427) 3290 ppm
Magnesium (Mg?") 1530 ppm
Calcium (CaZ*) 450 ppm
Potassium (K*) 470 ppm
Hydrogen carbonate (HCO3 ™) 98 ppm

The supersaturation index (SI) for calcium sulfate hemihydrate was calculated for
solutions of relatively low ionic strength using the expression derived by Shen et al. [22],
and for ionic strengths greater than or equal to seawater the SI was calculated using the
Pitzer model [23] for ion activities and the calcium sulfate hemihydrate solubility data of
Zannoni et al. [24].

Total dissolved solids (TDS) was determined by gravimetry (ASTM D 1193), pH
by potentiometry using a standard hydrogen electrode (ASTM D1293, AWWA Standard
Method 4500-H+ B), chloride by titration with silver nitrate (ASTM D 512, AWWA Standard
Method 4500 B), bromide by ion chromatography (ASTM D 6581, AWWA Standard Method
#4110 B), calcium, magnesium, potassium, and sodium by inductively coupled plasma
optical emission spectroscopy (AWWA Standard Method 3120B), and hydrogen carbonate
by titration with hydrochloric acid (ASTM D 3875-15).

2.3. Description of Experimental Units

The bench-top tests were carried out in two separate units. Preliminary tests were
first carried out in the pressure measurement and control (P-MAC) unit (P-MAC Systems,
Aberdeen, United Kingdom). A high-temperature-high-pressure test unit constructed in
the WTIIRA engineering workshop was then utilized for the screening tests.

2.3.1. Pressure Measurement and Control (P-MAC) Test Unit

Brine and scale inhibitor solution were separately pumped at constant flow rates of 10
mL/min with HPLC piston pumps into a mixing cell and the solution was then passed
through a 1.016 mm ID stainless steel 316 capillary tube immersed in an oil bath heated
to 125 °C (Figure 1). Any scale deposition reduces the bore of the tube and causes an
increase in pressure drop across the cell. The rate of change in pressure across the coil
was monitored via a ceramic pressure sensor inside the P-MAC unit. The resultant signal
was conditioned and amplified to produce a buffered output suitable for displaying as a
scaling curve on an external chart recorder. Each test was carried out until a differential
pressure of 2.0 psi was obtained. This relatively low pressure, correlated with a low degree
of scaling on the coil surface, was chosen to aid in cleaning of the coil. Cleaning of the
coil after calcium sulfate deposition was carried out by sequential passage of 5% disodium
ethylenediamine tetraacetic acid and 5% HCl solutions at room temperature.

Note that due to the requirement to obtain observable scaling effects for observation
and comparison, this work was carried out at temperatures and concentrations above
those used in commercial MSF plants, where the concentration of brine is rarely above
1.4 times that of seawater and temperatures are held well below 122 °C (where SI ~1.0 for a
concentration factor of 1.4).
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Figure 1. Schematic of pressure measurement and control (P-MAC) unit.

2.3.2. High Temperature-High Pressure Test Unit

A high temperature-high pressure test unit was constructed in order to evaluate
the threshold effect of the antiscalants (Figure 2). The unit consisted of a glass reaction
vessel with a heating coil molded inside its walls. The vessel was covered at the top by
a stainlesssteel lid equipped with a stirrer, a thermocouple to sense the temperature, a
pressure gauge, and a sampling point. The rate of heating and stirring was controlled by a
separate control unit. The test unit is capable of handling chemical reactions at conditions
up to 350 °C and 0.3 barg. An amount of 470 mL of test solution was poured into the
reaction flask. The lid was tightly clamped to the flask in order to avoid any leakage. The
solution was heated slowly with stirring, which was fixed at 300 rpm. Within around 20 min,
the solution temperature reached 125 °C. The moment at which the temperature reached
125 °C was considered time zero. The rate of deposition was followed by monitoring the
loss in calcium concentration with time. A series of 50 mL samples were collected at 5 min
intervals for a period of 30 min for this purpose and filtered with a 0.45 pm filter. Calcium
determination on the filtered samples was performed using a Metrohm Microprocessor
(model 796).
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Figure 2. Schematic of high-temperature high-pressuretest unit.
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3. Results

Three consecutive series of tests were carried out. In the first series, preliminary
evaluation tests were carried out to identify the composition of the brine solution that
was compatible with the response and performance of the pressure measurement and
control (P-MAC) unit. In the second series, as a result of the technical problems which were
experienced with the P-MAC unit, intensive evaluation and screening tests were performed
on the high-temperature-high-pressure test unit available in the WTIIRA laboratories. In
the third series, screening tests were carried out using the P-MAC unit based on the test
results of the second series.

3.1. Series One: Preliminary Evaluation Tests on the P-MAC Unit

Preliminary evaluation tests were first performed on the P-MAC unit, with the pri-
mary objective of this series being to determine the concentration of the brine solution
most appropriate for use in the P-MAC unit. In the first step, brine solutions prepared
from seawater with twice (800 ppm Ca?*, 6500 ppm SO42~, SI = 2.34) and three times
(1200 ppm Ca?*, 9750 ppm SO4%~, SI = 6.16) the concentration of typical Arabian Gulf
seawater were tested. It was observed that the formation of scale in the capillary tube
was delayed for a period of more than 60 min in both cases. In the second step, synthetic
brine solutions of different compositions and concentration ratios were tested. The time
requirement for the P-MAC unit to reach the targeted pressure drop of 2.0 psi ranged
between 90 and 16 min. However, at low scaling times which were obtained through the
use of more concentrated solutions, calcium sulfate precipitates were observed forming in
the preparation vessel.

To eliminate the possibility of salt precipitation during the preparation of highly
concentrated brine solutions before they were pumped to the P-MAC unit, the cationic and
anionic components of the selected brine solution were separated in two separate vessels
into calcium chloride and sodium sulfate. The two solutions were then simultaneously
pumped and mixed in the pipe system of the P-MAC well ahead of the heated capillary
tube. Synthetic seawater of a concentration factor of two (SI = 6.16) was tested and scale
precipitation occurred after around 40 min.

To induce more rapid precipitation, a solution consisting of calcium, sulfate, and
bicarbonate with double the concentration of normal sea water and with a small quantity of
sodium and chloride ions was tested (SI = 2.86). Precipitation of the scale occurred rapidly
in two to three minutes. The more rapid scale formation at the lower SI was attributed to
the role of co-precipitating CaCOs in the nucleation of crystal growth. It was concluded that
this procedure was the most appropriate for use in the P-MAC unit due to the formation of
scale in a reasonable time.

3.2. Series Two: Evaluation Tests on the High-Temperature—High-Pressure Unit

Four groups of experiments were carried out. In the first group of experiments,
a direct comparison between the threshold effects of the nine antiscalants was carried
out using a solution composed from calcium as calcium chloride and sulfate as sodium
sulfate dissolved in distilled water. In the second group of experiments, the impact of
additional sodium, chloride, bicarbonate, and magnesium ions on the threshold effects
of the antiscalants was investigated. In the third group of this series, the best-performing
antiscalants which were screened out in the first group of experiments were further tested
using a synthetic brine solution composed of all constituents responsible for scale formation,
and in the fourth group these antiscalants were tested using concentrated sea water.

3.2.1. Series 2, Group 1: Direct Comparison of the Performances of the Nine Antiscalants

A synthetic brine solution with only calcium and sulfate ions at close to double their
concentrations in normal Arabian Gulf seawater (800 ppm Ca?*, 6500 ppm S0427) gave
good conditions for discrimination (SI = 2.98). Sodium, chloride, and magnesium ions
were found to delay the precipitation of calcium sulfate significantly, as expected from
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theory, and for this reason they were excluded from test solutions [23]. A concentration of
10 ppm of the antiscalant solutions (4.0 to 4.5 ppm on solids basis) was used to provide
discrimination between the performance of the different antiscalants. The results of the
experiments are shown in Figure 3.
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Figure 3. Reduction in calcium concentration in filtrate in the presence of copolymer antiscalants
of average molar mass My, 2000-2500 (1-3), 4500-5000 (4—6) and 7000-9500 (7-9) and commercial
antiscalant Belgard 2030.

It can be seen in Figure 3 that the initial filtrable calcium concentrations vary greatly.
Many of the antiscalants have a negative effect at room temperature, reducing the filterable
calcium concentration relative to the reference. This effect scales with molar mass, being
most significant for the highest molar mass samples (7-9) and absent for the lowest molar
mass samples (1-3). Within a molar mass range, this effect is greatest for the polymers
with the lowest sulfonated content (4, 7) and least for the polymers with the highest
sulfonated content (6, 9). The cause of this reduction in filterable calcium is unknown
but it is possibly due to the formation of insoluble calcium polyacrylate under transient
conditions of high antiscalant concentration which can then nucleate the growth of calcium
sulfate. This incompatibility of polyacrylic acids with calcium ions is well established
at concentrations as low as 5 ppm for the polymer and is known to be more significant
for homopolymers than copolymers [25]. However, such a phenomenon would only be
expected to be significant in solutions of relatively low ionic strength [26].

In the first five minutes of treatment, all antiscalants can be seen to be equally effective
(or ineffective), with drops in filtrable calcium of 22-181 ppm compared to 15 ppm for
the control experiment. The calcium tolerance of polyacrylic acid has been reported
to be inversely proportional to temperature over a relatively small temperature range
(2545 °C) [25,27], so it is possible that the differences between the incompatibilities of
the antiscalants have been flattened over this time interval and they are all contributing
to nucleation.

At times greater than five minutes, all antiscalants appear to show a positive effect. All
but the lowest molar mass copolymers (1-3) have similar performance to the commercial
antiscalant within the first 15 min, and all show better performance than the commercial
product as tests continue beyond 15 min. The decline in filtrable calcium between 5
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and 30 min was 275 ppm for the commercial antiscalant Belgard 2030, 105-175 ppm for
the antiscalants of My, 2000-2500, 25-50 ppm for the antiscalants of My, 4500-5000, and
30—40 ppm for the antiscalants of My, 7000-9500. Within a molar mass range, there was no
clear trend in behavior with degree of sulfonation. This finding suggests that all species
used were effective in retarding further growth of calcium sulfate nuclei by adsorbing to
crystal growth sites [28], but that the lowest molar mass cohort of scale inhibitors was
more susceptible to desorption under the conditions of the experiments. Considering all
measured calcium loss, however, the set of lower molar mass antiscalants showed the best
inhibition behavior.

3.2.2. Series 2, Group 2: Impact of Other Ions on Antiscalant Performance

In the second group of experiments, the role of other ions on the performance of a
representative antiscalant was investigated under conditions where initial calcium was held
constant at 1000 ppm and initial sulfate at 6500 ppm. Three conditions were investigated:
(a) total concentration of the matrix with sodium chloride corresponding to approximately
twice that of normal Arabian Gulf seawater, with 22,000 ppm sodium and 46,000 ppm
chloride (SI = 2.0); (b) addition to (a) of sodium bicarbonate, giving a bicarbonate concen-
tration of 310 ppm, approximately double that of standard Arabian Gulf seawater; and
(SI =2.0) (c) addition to (b) of magnesium as magnesium chloride to give a magnesium
ion concentration of 3000 ppm, approximately double that found in standard Arabian Gulf
seawater (Figure 4) (SI = 2.2). The pH of the tested solutions (b) and (c) was measured
between 9.2 and 9.3.
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Figure 4. Reduction in calcium concentration in filtrate in the presence of low-molar-mass scale
inhibitor 1 (9% SMS, My, = 2500).

It can be seen that in comparison with the results for systems only containing the
scale-forming ions (Figure 3), the performance of the inhibitor is much improved under the
higher ionic strength conditions; this is not surprising, considering the strong dependence
of the calcium sulfate solubility product on ionic strength [20]. The reduced performance
in the presence of bicarbonate is consistent with the apparent accelerating effect of calcium
carbonate in scale nucleation seen in the preliminary P-MAC investigations (Section 3.2.1).
The initial drop in calcium concentration in the presence of a high amount of magnesium is
unexpected; it is possible that the increase in overall hardness with the addition of such a
large amount of magnesium (equivalent to over 12,000 ppm CaCOs3) leads to precipitation
of insoluble polyacrylate salts. Disregarding the change in the calcium concentration at

43



Polymers 2024, 16, 2838

time = 0, it is clear that the performance of the scale inhibitor over the rest of the test is only
slightly impaired by the addition of magnesium.

This synthetic brine containing calcium, sulfate, bicarbonate, magnesium, sodium,
and chloride ions at concentrations double those of seawater was used as a medium for
further discrimination of the low-molar-mass antiscalants 1-3 and 6.

3.2.3. Series 2, Group 3: Comparison of Antiscalants on Synthetic Concentrated Seawater

In this group of experiments, the four antiscalants 1-3 and 6 were tested at a 10 ppm
concentration in the synthetic concentrated seawater prepared and a blank test was in-
cluded for reference (Figure 5).
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Figure 5. Reduction in calcium concentration in filtrate of concentrated artificial seawater in the
presence of antiscalants 1-3 (Mp, 2000-2500) and 6 (Mn, 4500).

All four antiscalants were effective in delaying the precipitation of CaSO4 compared
to the blank solution and the drop before heating previously seen in the presence of
magnesium (Figure 4) was not repeated, suggesting that result may have been artifactual.
All four antiscalants showed a comparable threshold effect, with differences falling almost
within experimental error. This group of experiments did not provide a clear guide for
the discrimination between the four competing antiscalants. For 10 min, the approximate
maximum residence time of brine in a large MSF system, the reduction in Ca concentration
in the presence of the antiscalants was between 15 and 50% of that seen in the absence of
any antiscalant.

3.2.4. Series 2, Group 4: Comparison of Antiscalants in Concentrated Seawater

As a last trial in the high-temperature-high-pressure test unit, real Arabian Gulf
seawater concentrated in the laboratory to approximately double the initial concentration
was used for further screening between the three lowest molar mass antiscalants (1-3).
The pH of approximately 9 L of seawater was adjusted to 4.5 with diluted hydrochloric
acid to destroy all the bicarbonate. The seawater was evaporated at 95 °C to half its
original volume. Just before each experiment, the alkalinity of the concentrated brine was
readjusted to double its concentration in seawater by the addition of sodium bicarbonate.
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The threshold performances of the three antiscalants were to a large extent comparable
to each other (Figure 6) and there was no clear trend with degree of sulfonate content,
paralleling the results obtained in artificial seawater (Figure 5). Overall, the results were
extremely similar to the results obtained in artificial seawater, with an average reduction in
Ca concentration over 30 min of 6.8% in seawater compared to 6.9% in artificial seawater.
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Figure 6. Reduction in calcium concentration in filtrate of concentrated seawater in the presence of
antiscalants 1-3 (My, 2000-2500).

The lack of any strong trend in inhibition behavior with sulfonate content at high-
ionic-strength conditions suggests that the lower amount of sulfonate groups are sufficient
to target the antiscalants to growth sites on crystallites and that the additional sulfonate
content is superfluous.

3.3. Series Three: Performance of Low Molar Mass Antiscalants in the P-MAC Unit

Antiscalants 1-3 and 6 were then evaluated further in the P-MAC unit under ag-
gressive operating conditions. A synthetic brine solution with concentrations of calcium,
sulfate, and bicarbonate twice those of normal seawater was used as a feed to the P-MAC
unit operating at a 125 °C temperature, as per Figure 1. Equal volumes of calcium and
sulfate solutions were supplied to the instrument. All cations except sodium were fed as
the chloride salts, and all anions except chloride (including the antiscalant) were fed as the
sodium salts.

In an initial round of experiments, the optimum dose rate of antiscalant which would
induce precipitation in the P-MAC unit in a reasonable time was determined. The effec-
tiveness of antiscalant 1 was tested using dose rates of 10, 5.0, 2.0, and 1.0 ppm. At dose
rates of 10 and 5.0 ppm, no scale formation was observed, while at a dose rate of 2.0 ppm,
scale precipitation was observed after 26 min. Further reduction in antiscalant dose rate to
1.0 ppm resulted in rapid scale formation and was similar in behavior as the blank solution.
A dose rate of 2.0 ppm was therefore selected for use in the P-MAC unit.

For each antiscalant, a wide variation was found in the time to reach the targeted
pressure drop of 2.0 psi (Table 3). This variation is concerning and suggests that the method
used could lead to the retention of nuclei for scale formation on the surface of the test coil.

While there is clearly a great degree of uncertainty in the P-MAC results, they are
correlated positively with the drops in [Ca?*] between 5 minutes and 30 min shown in
Figures 3, 5, and 6.
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Table 3. P-MAC results for antiscalants 1-3 and 6 for feed solution containing 2.0 ppm antiscalant
solution, 1000 ppm Ca?* 6500 ppm SO42~, 22,000 ppm Na*, 35,000 ppm CI~, 310 ppm HCO;~, and

3000 ppm Mg?*.
Antiscalant 1 2 3 6
26.5 28.5 45 8.2
14.37 28 7.03 3.02
11.18 13 4.75 3
5.5 18.5 4.02 3
. 4.0 7.83 2.33 2.82
Time to regchsffsfrgre drop of 337 778 503 53
P 3.0 6.5 2.06
2.93 3 2
2.72 2.33
2.5
2.02
Average 7.1 11.7 10.9 3.3
Standard Deviation 7.2 9.3 15.4 19
Maximum 26.5 28.5 45 8.2

4. Conclusions

A series of polycarboxylate antiscalants containing 10-30 weight% sulfonated
monomer, methallyl sulfonate, were tested for their ability to retard calcium sulfate for-
mation in a simple solution of calcium and sulfate ions at 125 °C and under conditions
approximating those found in high-temperature Multi-Stage Flash (MSF) thermal desali-
nation of seawater. At high-ionic-strength conditions, copolymers with My, between 2000
and 4500 were shown to be most effective, inhibiting calcium sulfate formation with up to
85% effectiveness over the time scale required for MSF for realistic scale-forming solutions.
No clear trend in effectiveness with sulfonate content was observed at high ionic strength,
suggesting that extending the studies to copolymers with a lower fraction of allyl sulfonate
comonomer may be valuable. At low-ionic-strength conditions, lower molar mass copoly-
mers and copolymers with higher sulfonate content appeared to be more effective. Further
work on the system is required in order to clarify the structure-property relationships and
the role of the sulfonate group in the inhibition of calcium sulfate scaling.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/polym16192838/s1, Figure S1: 13C NMR of copolymers;
Figure S2: 1TH NMR of copolymers; Figure S3: Size Exclusion Chromatrography eluagrams; (a) RI
detector; (b) UV detector.
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Abstract: The indigo dye found in wastewater from printing and dyeing processes is potentially
carcinogenic, teratogenic, and mutagenic, making it a serious threat to the health of animals, plants,
and humans. Motivated by the growing need to remove indigo from wastewater, this study prepared
novel fiber absorbents using melt-blow polypropylene (PP) melt as a matrix, as well as acrylic
acid (AA) and maleic anhydride (MAH) as functional monomers. The modification conditions
were studied to optimize the double-initiation, continuous-suspension grafting process, and then
functional fibers were prepared by melt-blown spinning the modified PP. The results showed that the
optimum modification conditions were as follows: a 3.5 wt% interfacial agent, 8 mg/L of dispersant,
80% monomer content, a 0.8 mass ratio of AA to MAH, a 1000 r/min stir speed, 3.5 wt% initiator
DBPH grafting at 130 °C for 3 h, and 1 wt% initiator BPO grafting at 90 °C for 2 h. The highest
grafting rate of the PP-g-AA-MAH was 31.2%, and the infrared spectrum and nuclear magnetic
resonance spectroscopic analysis showed that AA and MAH were successfully grafted onto PP fiber.
This modification strategy also made the fibers more hydrophilic. The adsorption capacity of the
PP-g-AA-MAH fibers was highly dependent on pH, and the highest indigo adsorption capacity was
110.43 mg/g at pH 7. The fiber adsorption capacity for indigo increased rapidly before plateauing with
increasing time or indigo concentration, and the experimental data were well described in a pseudo-
second-order kinetic model and a Langmuir isothermal adsorption model. Most impressively, the
modified fiber adsorption capacity for indigo remained as high as 91.22 mg/g after eight regeneration
and reuse cycles. In summary, the PP-g-AA-MAH fibers, with excellent adsorption-desorption
characteristics, could be readily regenerated and reused, and they are a promising material for the
removal of indigo from wastewater.

Keywords: suspension grafting; dual initiators; PP-based functional fiber; adsorption; indigo wastewater

1. Introduction

The textile industry produces large quantities of dyeing wastewater and is a major
source of environmental pollution [1]. Compared with other wastewater, printing and dye-
ing wastewater has the characteristics of difficult biodegradable and complex composition.
Generally, the pH of printing and dyeing wastewater is 6-10, CODc; is 400-1000 mg/L,
BODs is 100400 mg /L, SS is 100-200 mg/L, and the chromaticity is 100400 times, and it
always contains a variety of dyes, which is difficult to treat [2,3]. Among dyes, indigo
is widely used and has also been identified as a potential carcinogen, teratogen, and
mutagen [4-6]. The enrichment of indigo in wastewater from the textile industry, there-
fore, poses a serious threat to the health of animals, plants, and human beings. Therefore,
effective treatment strategies that can remove indigo from textile and printing waste are
urgently needed.

At present, wastewater containing indigo is treated via coagulation precipitation [7]
and electrochemical [8], biochemical [9,10], membrane separation [11], or adsorption

Polymers 2024, 16, 2144. https:/ /doi.org/10.3390/polym16152144 48 https://www.mdpi.com/journal /polymers



Polymers 2024, 16, 2144

methods [12-14]. Physical methods, such as adsorption, recycle dyes from wastewater
without causing secondary pollution [15,16], making these strategies especially attrac-
tive. In particular, adsorption strategies are the treatment method of choice in sudden
environmental accidents [17].

While polypropylene (PP) is the most common synthetic material produced on in-
dustrial scales with excellent chemical and physical properties [18,19], it is non-polar and,
therefore, cannot be used in water treatment applications. To be able to extend the use of
PP to this application area, polar functional groups must be added to the PP to make it
more polar and more hydrophilic [20,21]. Stanislav Voronov [22] proposed the theory of
using a free-radical mechanism to covalently graft polymers in order to modify polyolefins.
Currently, most studies use graft polymerization to modify PP [23]. Among grafting poly-
merization methods, suspension grafting has the advantages of requiring low reaction
temperatures, it uses an easily degraded matrix, it can be well controlled, and it can be
used with simple post-treatment with water as suspension medium products [24], and as
result, it has attracted more research attention in recent years.

Combining the advantages of the aforementioned materials and methods, novel
PP-based materials were developed to remove indigo from wastewater in this study. Melt-
blown PP resin was used as a matrix, as it is cheap and readily available, and acrylic acid
(AA) and maleic anhydride (MAH) were used as functional monomers. The modification
conditions were optimized to improve the suspension grafting rate with dual initiators
containing 2,5-dimethyl-2,5-dihexane (DBPH) and benzoyl peroxide (BPO). The effects
of the amount of initiator, interfacial agent, dispersant, monomer, reaction time, and tem-
perature, as well as other process conditions, on the grafting reaction were investigated.
The modified PP was then used to prepare fibers via melt-blown spinning and used to treat
wastewater. The adsorption behavior of the fibers was also investigated.

2. Materials and Methods
2.1. Materials

PP melt-blown resin was purchased from Shanghai Expert in the Developing of New
Material Co., Ltd. (Shanghai, China). AA, MAH, DBPH, BPO, anhydrous ethanol, sodium
hydroxide (NaOH), hydrochloric acid (HCI), isopropyl alcohol, acetone, and all other
reagents were obtained from commercial sources and were of analytical grade.

2.2. Preparation of PP-g-AA-MAH Fibers

A predetermined amount of PP resin and xylene, the interfacial agent, was added to a
10-L magnetic-driven reactor. The temperature was then raised to 140 °C to fully dissolve
the PP resin in xylene. Subsequently, a predetermined amount of tap water was quickly
pumped into the reactor to quench the reaction mixture and disperse the PP particles,
and the desired amounts of AA and MAH monomers were added. The reactor was then
sealed, it was heated to 130 °C, and the mixture was incubated for 60 min to ensure that
the PP swelled. After the PP had swollen, the desired amount of DBPH initiator was
added through the pressurized feeding port. After the desired time, the reaction was
cooled to a set temperature, and the desired amount of BPO was added to continue the
grafting reaction. The reaction products were then recovered via centrifugation and dried.
The prepared PP-g-AA-MAH was then used to prepare fibers via melt-blown spinning.

2.3. Determination of Product Grafting Ratio and Monomer Grafting Efficiency

The PP-g-AA-MAH fibers were rinsed with pure water and then placed in a Soxhlet
extractor and extracted with acetone for 16 h. After drying, 0.5 g of the fibers were removed
and placed in a 250-mL round-bottomed flask. Xylene (100 mL) and a KOH/ethanol
solution (70 mL) were then added to the round-bottom flask, the mixture was heated until
it boiled, and the mixture was refluxed for 30 min. After the reaction, the mixture was
cooled to room temperature, and then 2-3 drops of thymol blue indicator were added.
The mixture was titrated with an HCl/isopropyl alcohol solution (0.05 mol/L), and the
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endpoint was defined as the drop-back volume at which the mixture turned egg-yellow.
The un-grafted PP was used as the control. The grafting rate (Gr, %) and monomer grafting
efficiency (Ge, %) were calculated according to Equations (1) and (2), respectively,

(Vo — V1) x ¢ x (98.06 + 72.06)

G:
r 3xm

x 100% 1)

/ !
Ge = AA MMAN 100, )
maa +mMpMAH

where V) (L) and Vj (L) are the volumes of HCl/isopropyl alcohol solution consumed in
the titration of the blank and sample, respectively, ¢ (mol/L) is the concentration of the
HCl/isopropyl alcohol solution, m (g) is the sample mass, m 44 + mpap (g) is the amount
of AA and MAH added to the grafting reaction, m' AA + m' MAH (g) is the content of AA,
and MAH in the product.

2.4. Characterization Methods

The functional groups present in the PP and PP-g-AA-MAH fibers were identified
using Fourier-transform infrared spectroscopy (FT-IR) (Nicolet IS 10). FT-IR data were
collected over a wavelength range of 400~4000 cm~!. The micromorphology of PP and
PP-g-AA-MAH fibers was observed via scanning electron microscopy (SU-8010, Hitachi
(China) Ltd., Beijing, China). Proton nuclear magnetic resonance spectroscopy ('H-NMR)
data were also collected on the PP and PP-g-AA-MAH fibers using an AVANCES500 instru-
ment. The wetting angle of the materials was measured via the capillary micropressure
method and calculated using the Washburn equation [25]. The test device and contact
angle correction are described in more detail in previous literature [26,27].

2.5. Adsorption and Regeneration of Indigo Using the PP-g-AA-MAH Fibers

The adsorption of indigo using the PP-g-AA-MAH fibers was investigated using static
adsorption experiments. For the adsorption experiments, simulated indigo wastewater was
placed in tapered bottles with plugs. A defined mass of PP-g-AA-MAH fiber was added
to the flask, and the flask was sealed with plastic wrap and placed in a 25 °C constant-
temperature oscillator. The fibers were removed from the solution at predetermined time
points, and the concentration of indigo in the solution was measured at 610 nm in a
UV-visible spectrophotometer [23]. The adsorption capacity (Q, mg/g) was calculated
using Equation (3).

Q:(Co—cl)XV (3)

m
where Cy (mg/L) and C; (mg/L) are the concentration of indigo in the solution before
and after the adsorption of the PP-g-AA-MAH fibers, V (L) is the volume of the solution,
and m (g) is the mass of the fiber as an absorbent.

To study the desorption of the indigo dye from the PP-g-AA-MAH fibers, fibers satu-
rated with dye were placed in an HCI (0.5 mol/L) solution and shaken for a predetermined
amount of time. The indigo concentration in the solution was then determined, and the
desorption rate (D, %) was calculated according to Equation (4).

_VZXCZ
m X e

D x 100% 4)

where C; (mg/L) is the concentration of indigo in the eluent, V; (L) is the volume of the
eluent, m (g) is the mass of the fiber, and g, (mg/g) is the adsorption capacity. All the
experiments were performed in triplicate, and the presented results are the average values.
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3. Results and Discussion
3.1. Mechanism of Suspension Grafting Polymerization

Figure 1 shows a schematic illustration of the suspension grafting polymerization
reaction. Xylene and PP resin were added to a 10-L reactor, and the suspension was
magnetically stirred. The mixture was heated until the PP dissolved, and then water
was pumped into the reactor to quickly cool the PP. The quenching pretreatment step
was performed to increase the amount of amorphous PP in the sample, as well as to
increase the degree of swelling, and therefore the surface area of the sample, for the grafting
polymerization reaction because the small-molecule initiators and monomers could more
easily diffuse into voids on the surfaces of the swollen PP. Then, the PP particles, xylene,
water, and grafted monomer were fully mixed at high stir speeds to form many “reaction
bed” sites. The suspension—polymerization grafting reaction primarily occurred in the
amorphous regions of the PP particles.

N pressurized

feeding port

molecular chains of
general

feeding port

amorphous area

Q .
J

\

%@

Figure 1. Illustration of the suspension-grafting reaction system.

The mechanism of the suspension-grafting polymerization reaction is shown in
Figure 2. First, the initiator was decomposed into primary free radicals at high tem-
peratures (reaction 1). These free radicals then grabbed a-H on the PP backbone to form
a PP free radical (reaction 2). The PP free radical then reacted with monomers to initiate
the grafting polymerization reaction (reaction 3). With strong reactivity and providing
electrons for a reaction system, AA monomers were the first to react with the PP free
radicals, and the grafted AA groups increased the intermolecular interactions between the
polymer chains, thereby preventing the degradation of the PP and minimizing other side
reactions. The stably grafted AA groups then reacted with other AA or MAH monomers as
the reaction proceeded.

Figure 2. Suspension-grafting polymerization mechanism of AA and MAH monomers.
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3.2. Influence of Reagent Concentrations on the Grafting Reaction

Reagent concentrations significantly influence the effectiveness of suspension-grafting
polymerization. In this study, the relative amounts of the initiator, interfacial treatment
agent, and dispersant, the total dosage of the monomer, and the monomer ratio were
investigated as the main influencing factors. The results of these studies are shown

in Figure 3.
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Figure 3. The effects of DBPH (A), BPO (B), xylene (C), water (D), the monomer amount relative to
PP (E), and the ratio of AA to MAH monomers (F) on the grafting effectiveness.

It can be seen from Figure 3A,B that the concentration of both the DBPH and BPO
initiators significantly influenced the grafting reaction. As the amount of initiator increased,
the grafting ratio first increased rapidly and then increased more gradually until reaching
a maximum value and then decreasing. The same overall trends were also seen in the
monomer-grafting efficiency. Initially, increasing the initiator concentration increased the
number of free radicals that formed at the reaction temperature, which in turn initiated the
polymerization of more monomers and increased the grafting efficiency. However, as the
concentration increased further, the concentration of free radicals was too high, and side
reactions such as homopolymerization occurred [28,29]. The homopolymerization side
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reaction consumed a large amount of the monomer, resulting in less monomer grafted to
the PP branch chain, which resulted in a decrease in the grafting rate and grafting efficiency.

While most studies use a single initiator in grafting reactions, here, two initiators were
used to increase the grafting efficiency. In this unique strategy, the reaction temperature
was increased to allow for an appropriate amount of the DBPH initiator to decompose,
and then the temperature was lowered, and the BPO initiator was added. The cooling step
in the reaction was similar to the quenching pretreatment used to swell the PP particles.
After cooling, new active sites were generated, and the grafting polymerization continued,
which in turn improved the grafting ratio and grafting efficiency.

Since both the initiator and grafted monomer used in this study were oil-soluble,
xylene was chosen as the interfacial treatment agent. As can be seen from Figure 3C,
the grafting ratio increased with the xylene dosage, and the maximum grafting rate was
obtained using 3.5 wt% xylene relative to the PP. The increase in the grafting rate with the
xylene concentration occurred because the added xylene swelled the amorphous regions of
the PP, which promoted the diffusion of the initiator and monomer into the PP particles [30].
However, further increasing the xylene dosage above 3.5 wt% resulted in a slight decrease
in the grafting rate because, at excessively high loading, the xylene coated the particle
surface and prevented the diffusion of the monomers and initiators to the PP.

As can be seen from Figure 3D, the grafting ratio reached a maximum at 8 mL/g of
dispersant to PP. A further increase in the amount of dispersant resulted in a slight decrease
in the grafting rate. At low loadings, the dispersant could not ensure that the particles were
well dispersed. During the reaction process, due to insufficient dispersion and adhesion,
an independent suspension-grafting reaction system could scarcely be formed, and there
were not enough sites for the reaction to occur. So, the grafting ratio was low at too-low
loadings. At too high of a dispersant concentration, the number of individual particles,
and therefore the reaction sites, was too high, and the relative concentration of the monomer
to PP particles decreased. Therefore, the grafting ratio decreased at too high a dispersant
concentration [31,32].

As can be seen from Figure 3E, both the grafting ratio and grafting efficiency increased
with the initial monomer concentration. The highest grafting ratio was achieved when
the total monomer dosage was 100% of the PP mass, while the highest grafting efficiency
was achieved with a monomer dosage of 80% relative to the mass of PP. The likelihood
of a monomer encountering a particle increased with the monomer concentration, which
increased the grafting rate and efficiency. However, at too high concentration, the active
sites on the main chain of PP that could participate in the grafting reaction were rapidly
consumed due to a higher concentration of the monomer. On the other hand, the likelihood
of a monomer encountering another monomer also increased, and therefore, the likelihood
of side reactions also increased, and the grafting ratio and grafting efficiency decreased.

As can be seen from Figure 3F, as the AA-to-MAH mass ratio increased, the grafting
ratio and grafting efficiency first increased and then slightly decreased. MAH struggles to
self-polymerize because of its large-volume steric resistance, and AA self-polymerizes more
easily. As the proportion of the AA monomer increased, the number of AA free radicals
increased, as well as the likelihood of the AA free radicals coming into contact with the PP
particles. The AA radical could also copolymerize with free MAH and then graft onto PP
chain segments, which was also conducive to improving the grafting ratio and grafting
efficiency. AA could also self-polymerize, and at too high an AA loading, the probability of
an AA radical encountering another AA radical and a subsequent coupling termination
reaction between AA radicals occurring also increased, resulting in an overall decrease
in the grafting ratio and grafting efficiency. Moreover, the highly active AA monomers
were more likely to react with the initiators at an excess AA loading, which reduced the
probability of the initiators reacting with the PP and, thus, affected the grafting reaction.
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3.3. Influence of Reaction Conditions on the Grafting Modification

In addition to the reagent dosages, the reaction conditions also significantly impacted
the grafting reaction. Therefore, this study also explored the effects of the reaction time,
reaction temperature, and stir rate on the grafting reaction, and the results are shown

in Figure 4.
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Figure 4. The effects of the reaction time (A), the reaction temperature (B), and the stir rate (C) on the
grafting effect.

As can be seen from Figure 4A, the grafting ratio using either the DBPH or BPO
initiators increased rapidly and then more slowly with an increasing reaction time, and it
plateaued around 3 h and 2 h, respectively. As the reaction time increased, the number of
free radicals formed via decomposition of the initiators increased, and the grafting reaction
proceeded quickly. In addition, the relative monomer concentration was higher, which
further increased the grafting ratio. The grafting ratio plateaued at long times because,
once all of the initiators had decomposed and the concentration of active free radicals and
monomers decreased, the reaction rate plateaued.

As seen in Figure 4B, the optimum reaction temperatures using DBPH and BPO are
130 °C and 90 °C, respectively. The grafting ratio decreased to varying degrees with a
further increase or decrease in temperature. The nonmonotonic trend with temperature
was due to competing effects on the reaction efficiency. On one hand, increasing the tem-
perature promoted the swelling and dispersion of the PP particles, which promoted the
suspension grafting reaction. On the other hand, the reaction temperature also determined
the decomposition rate of the initiator [33]. The decomposition of the initiator was accel-
erated at higher temperatures, and as a result, more free radicals were produced, and the
grafting reaction was faster. However, at too high a temperature, the initiator decomposed
too rapidly, and the free-radical-coupling-termination and monomer-homopolymerization
side reactions were more likely. Therefore, the grafting ratio decreased.

As can be seen from Figure 4C, the grafting ratio and grafting efficiency both increased
rapidly with the stir rate before plateauing at high speeds. Stirring promoted the dispersion
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of the PP particles, and it also increased the degree of mixing and ensured even heat
distribution, all of which promoted the grafting reaction. However, at very high stir speeds,
there were limited gains with a further increasing rate, and the grafting ratio and grafting
efficiency plateaued.

Based on the results presented above, the following were selected as optimum reaction
conditions: 3.5 wt% interfacial agent, 8 mg/L of dispersant, 80% monomer content, a
0.8 mass ratio of AA to MAH, a 1000 r/min stir rate for the reactor, 3.5 wt% initiator DBPH
grafting at 130 °C for 3 h, and 1 wt% initiator BPO grafting at 90 °C for 2 h, as summarized
in Table 1. These conditions resulted in the highest PP-g-AA-MAH grafting rate of 31.2%.

Table 1. Optimum process parameters for the suspension grafting reaction.

Monomers DBPH BPO Grafting
PP Xylene Water RPM .
AA MAH Amount Temp  Time Amount Temp  Time Ratio
700 o o 1000 o
200g 7lg  89g L 7¢  130°C  3h 2g  90°C  2h L6L o 312%

3.4. Characteristics of the PP-g-AA-MAH Fibers
3.4.1. SEM Analysis of the Modified Fibers

SEM images of the fiber morphologies before and after the modification treatment
are shown in Figure 5. The fibers prepared with the unmodified PP had smooth surfaces
(Figure 5A), while those prepared with the modified PP-g-AA-MAH polymers had rough
and uneven surfaces (Figure 5B). The fiber diameter had clearly increased, and it was the
evidence of the grafted polymer on the modified fiber surfaces. It is observed that PP was
grafted with AA and MAH after suspension grafting polymerization.

SU8010 10.0kV 9.6mm x10.0k SE(UL)

Figure 5. The micromorphology of the fibers before and after the suspension-grafting modification.
(A) PP (B) PP-g-AA-MAH.

3.4.2. Fourier-Transform Infrared (FT-IR) Analysis of the Modified Fibers

Figure 6 shows the Fourier infrared spectra of the fibers prepared from either the
neat PP or PP-g-AA-MAH. Note that the spectrum of PP-g-AA-MAH fibers contained the
peaks characteristic of the PP fibers, as well as several new peaks. For example, the C-H
symmetric and asymmetric -CHj stretching vibration peaks at 2964 cm~! and 2838 cm ™!,
respectively, the bending vibration absorption peaks from the CH, groups at 1376 cm ™!,
and the absorption peaks characteristic of CH groups at 1460 cm ™! were present in both
spectra. The new peak at approximately 1709 cm~! in the spectrum of the PP-g-AA-
MAH fibers was assigned as the stretching vibrations of the C=0 in the carboxyl groups.
The appearance of this peak confirmed that AA and MAH were successfully grafted to PP
and that MAH was present as maleic acid.
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Figure 6. FT-IR spectra of the PP and PP-g-AA-MAH fibers.

3.4.3. Nuclear Magnetic Resonance (H-NMR) Analysis of the Modified Fibers

Figure 7 shows the 'H-NMR spectra of the PP and PP-g-AA-MAH fibers. In the
PP-g-AA-MAH fibers, the carboxyl group was expected to be connected to -CH, and the
chemical shift of -CH containing carboxyl substituents should be seen at approximately
2.6 ppm. As expected, a peak at approximately 2.6 ppm [34] was seen in the spectrum of
the PP-g-AA-MAH fibers but not the PP fibers, which confirmed that the carboxyl groups
were successfully grafted onto PP.

PR MAHAA
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Figure 7. 'H-NMR spectra of the PP and PP-g-AA-MAH fibers.

3.4.4. Surface-Property Analysis of the Modified Fibers

In this study, the capillary pressure method was used to test the hydrophilic properties
of the product, first measuring the velocity of liquid penetration into the filling powder
and then calculating the dynamic liquid contact angle using the Washburn [26] equation.
The water contact angles were recorded using a micromanometer every 1 min. Curves
of AP? versus t for PP, PP-g-AA-MAH, and insoluble starch were recorded, as shown in
Figure 8, where the contact angle of starch was defined as 0°. Because PP was hydrophobic,
water did not penetrate into the capillary tube containing the PP powder, and no change
in pressure was recorded. Therefore, the measured AP? versus t was essentially constant.
Meanwhile, both the starch and PP-g-AA-MAH fiber were hydrophilic, so water penetrated
into the capillary, and the pressure changed over time. Based on these results, the water
contact angle on the PP-g-AA-MAH fibers was determined to be 56.65°.
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Figure 8. Measured (AP)? — t curves for the PP and PP-g-AA-MAH fibers.

3.4.5. Thermal Stability Analysis of the Modified Fibers

Figure 9 shows that the TG and DTG of PP and the graft product PP-g-AA-MAH fibers.
With an increasing temperature, the grafted products lost weight before PP due to the
exfoliation of AA and MAH copolymers on the product surface. Moreover, the maximum
degradation temperature of PP was earlier than that of PP-g-AA-MAH, indicating that the
grafting process had some cross-linking effect on the PP macromolecular chain. The maxi-
mum temperature of the melt-blown spinning process was 230 ° C, while PP-g-AA-MAH
had no obvious loss at 230 °C, indicating that the product had good thermal stability and
would not produce decomposition during the melt-blown spinning process.
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Figure 9. TG and DTG of PP and PP-g-AA-MAH fibers.
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3.5. Adsorption and Regeneration of Indigo Dye Using the PP-g-AA-MAH Fibers
3.5.1. Effect of pH on the Fiber Adsorption Capacity for Indigo

The pH of the solution can affect the surface charge and morphology of an adsorbent,
and therefore, it is an important factor that influences the adsorption performance of a
material. Therefore, the effects of the solution pH on the adsorption capacity of the PP-g-
AA-MAH fibers at a constant adsorption temperature and adsorption time, as well as the
initial concentration of the indigo solution of 25 °C, 2 h, and 200 mg/L, respectively, were
studied. The results are shown in Figure 10.
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Figure 10. Effect of solution pH on the fiber adsorption capacity for indigo.

As can be seen from Figure 10, the fiber adsorption capacity first increased and then
decreased with an increasing pH. The highest adsorption capacity of 110.43 mg/g was
measured for a solution pH of 7. The nonmonotonic trend with pH was because the charge
state of the fibers and dyes changed with the pH. At a low-solution pH, the fibers were
positively charged because of the high concentration of free H in the solution, and the
indigo was only slightly soluble; therefore, the adsorption was not strong. The surface
charge of the fibers gradually decreased with an increasing pH, and therefore, the number of
-COO™ on the surface increased. These groups then interacted with the dye via electrostatic
and hydrogen-bonding interactions, which increased the adsorption capacity of the fibers
for the dye. At pH values greater than 7, the number of -COO™ groups on the fiber surface
increased, and the indigo was either singly or doubly charged gradually under the action
of insurance powder. The resulting electrostatic repulsion between the negatively charged
fibers and dyes, therefore, decreased the adsorption capacity of the fibers at high pH
values [26,35].

3.5.2. Adsorption Kinetics

At fixed conditions of an indigo solution concentration of 200 mg/L, a solution pH of
7, and a temperature of 25 °C, the adsorption kinetics were investigated. The measured
adsorption capacities over time were fit with both pseudo-first-order and pseudo-second-
order kinetic models [36], and the results are shown in Figure 11 and Table 2.

Figure 11 shows that the PP-g-AA-MAH fiber adsorption capacity for indigo first
increased rapidly before plateauing at long times. At early time points, there were many ac-
tive sites on the PP-g-AA-MAH fiber surface that could interact with the dye, and therefore,
the adsorption rate was fast. The number of available binding sites on the fiber surfaces, as
well as the concentration of free dye in the solution, decreased over time, and therefore,
the adsorption rate gradually plateaued at long times. At long times, the active site on the
surface of the fiber was saturated, and no additional dye could adsorb to the fibers.
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Figure 11. Adsorption capacity over time and (A) corresponding fits to pseudo-first-order and
pseudo-second-order kinetic models (B).

Table 2. Fit parameters for pseudo-first-order and pseudo-second-order kinetic models.

Kinetic Model ge (mg/g) K R?
Psel'ldojflrst-order 92.45 0.062 0.9739
kinetic model
Pseudo-second-order 127.66 0.00078 0.9914

kinetic model

The R? of the fit of the pseudo-first-order kinetic model to the experimental data
was 0.9739, while that for the pseudo-second-order kinetic model was 0.9914, indicating
that the pseudo-second-order model better described the data. The better agreement with
the pseudo-second-order model suggests that the indigo dye adsorbed to the PP-g-AA-
MAH fibers via chemisorption, and the number of available active sites controlled the
adsorption rate.

3.5.3. Adsorption Isotherms

The effects of indigo concentration on the fiber adsorption capacity were investigated
at 25 °C, pH = 7 with an adsorption time of 2 h. The measured isothermal adsorption
isotherms were then fit with the Langmuir [37], Freundlich [38], and Temkin [39] adsorption
models, and the results are shown in Figure 12 and Table 3.
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Figure 12. The effect of initial indigo concentration on the fiber adsorption capacity (A) and corre-
sponding fits of the data to the Langmuir (B), Freundlich (C), and Temkin (D) models.
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As can be seen from the Figure 12, the adsorption capacity of the PP-g-AA-MAH fiber
for indigo increased with the initial dye concentration in the solution. The adsorption
capacity increased rapidly from 25.03 mg/g to 110.43 mg/g when the initial dye concentra-
tion increased from 50 mg/L and 200 mg/L. However, because there was a finite number of
adsorption sites on the PP-g-AA-MAH fibers, the amount of adsorbed dye increased until
the adsorption sites were saturated, at which point the amount did not increase further.

Table 3. Extracted parameters from fits to the Langmuir, Freundlich, and Temkin isotherm models.

Langmuir Freundlich Temkin
Qu/mglg Kg R? n Kr R? Br Kr R?
111.74 1.72 0.9911 2.0253 5.2069 0.9703  28.9843  0.5369 0.8493

The linear correlation coefficient of the fit to the Langmuir isothermal adsorption
model (R? = 0.9911) was closer to 1 than that of the Freundlich model (R? = 0.9703) and
the Temkin model (R? = 0.8493). The best fit with the Langmuir isothermal adsorption
model suggested that the PP-g-AA-MAH fibers had a uniform adsorption surface and all
active sites had the same affinity for indigo. Moreover, the adsorption likely proceeded via
monolayer adsorption. The maximum theoretical adsorption capacity from the fit to the
data of 111.74 mg/g was also very close to the experimental value of 110.43 mg/g.

3.5.4. Adsorption Performance of Regenerated PP-g-AA-MAH Fibers

An ideal adsorbent has a high adsorption capacity for contaminants, but the con-
taminants can also be easily released (desorbed) from the material to reduce the material
costs. Therefore, the desorption of indigo and regeneration of PP-g-AA-MAH fibers were
investigated, and the results are shown in Figure 13.
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Figure 13. Effect of desorption time on the desorption rate of indigo (A); relationship between
adsorption capacity and the regeneration cycle (B).

As can be seen from Figure 13A, the amount of indigo released from the fibers in-
creased over time before plateauing at 90.05% after 40 min. These results showed that the
addition of a 0.5-mol/L HCl solution to the dye-saturated PP-g-AA-MAH fibers weakened
the electrostatic and hydrogen-bonding interactions with the dye, and the dye was readily
released back into the solution. Moreover, the PP-g-AA-MAH fibers were also highly
acid-resistant and could be treated with a strongly acidic solution to remove the dye.

Figure 13B shows the adsorption capacity of PP-g-AA-MAH fiber for indigo after
multiple adsorption/regeneration cycles. While the adsorption capacity decreased slightly
after multiple use cycles, the adsorption capacity remained as high as 91.22 mg/g, or 81.7%
of the original adsorption capacity, after eight use cycles. These results clearly show that the
PP-g-AA-MAH fibers could be readily regenerated and reused to treat indigo wastewater.
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3.5.5. Comparison of Adsorption Capacity with Other Adsorbents Comparisons between the
maximum adsorption capacities (qmax) of PP-g-AA-MAH fibers and other adsorbents for
indigo reported in the literature are presented in Table 4. The results show that
PP-g-AA-MAH fibers exhibit a reasonable capacity for indigo adsorption.

Table 4. Adsorption capacity of various adsorbents for indigo.

Adsorbents qmax/mg-g~! Reference
Chitosan-modified flamboyant pods (CMFP) 22.45 [40]
Coriander seeds 124 [41]
Nanocelluloses using acid hydrolysis and oxidizing agents 39.7 [42]
A composite hydrogel (DMCHA) 306.08 [43]
Zizyphus joazeiro Mart peel (Z]P) 50 [44]
Natural clay (NC) 57 [45]
CaO nanoparticles made from eggshells 260 [46]
Carbonized sugarcane bagasse 8.88 [47]
Spirulina platensis 91 [48]

PP-g-AA-MAH fibers 110.43 This work

4. Conclusions

In the study presented here, modified PP-g-AA-MAH was prepared from PP melt-
blow resin using a continuous suspension grafting strategy with AA and MAH functional
monomers and a combination of DBPH and BPO initiators. Systematic experiments showed
that the optimum modification conditions were as follows: 3.5 wt% xylene as an interfacial
agent, 8 mg/L of water as a dispersant, 80% monomer content, a 0.8 mass ratio of AA
to MAH, a 1000 r/min stir speed, 3.5 wt% initiator DBPH grafting at 130 °C for 3 h, and
1 wt% initiator BPO grafting at 90 °C for 2 h. The highest PP-g-AA-MAH grafting rate was
31.2%, as confirmed with FTIR and 'H NMR. Importantly, the modification increased the
hydrophilicity of the fibers such that the water contact angle of the PP-g-AA-MAH fibers
was 56.58°.

The prepared PP-g-AA-MAH fibers were then used to remove indigo from simulated
wastewater from printing and dyeing processes. The solution pH value significantly influ-
enced the PP-g-AA-MAH fiber adsorption capacity, and the highest adsorption capacity
of 110.43 mg/g was measured at pH 7. The adsorption capacity increased rapidly with
time before plateauing, and the indigo adsorption to the fibers was well described with
a pseudo-second-order kinetic model and Langmuir isothermal adsorption model. Most
notably, the dye could be readily desorbed from PP-g-AA-MAH fibers, and the adsorption
capacity of the regenerated fibers reached 91.22 mg/g after 8 use cycles, which was 81.7%
of the original adsorption capacity. Together, these results highlight that the PP-g-AA-
MAH fibers prepared here, with excellent adsorption, desorption, regeneration, and reuse
properties, effectively and efficiently removed indigo from wastewater.
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Abstract: In this study, a series of AgCl/ZnO-loaded nanofibrous membranes were prepared using
coaxial electrospinning. Their physical and chemical characteristics were evaluated by SEM, TEM,
XRD, XPS, IR, PL, and UV-visible spectrometer, and the photocatalytic experiments using methylene
blue (MB) as a model pollutant. The formation of AgCl/ZnO heterojunction and the structure of
core-shell nanofibers with porous shell layer were confirmed. AgCl/ZnO photocatalysts were also
effectively loaded onto the surfaces of the porous core-shell nanofibers. The results of photocat-
alytic experiments revealed that the AgCl/ZnO (M AgCl:Mzno = 5:5)-loaded nanofibrous membrane
achieved a degradation efficiency of 98% in just 70 min and maintained a photocatalytic efficiency
exceeding 95% over the first five experimental cycles, which successfully addressed the issues of
photocatalytic efficiency loss during the photodegradation of MB with AgCl/ZnO nanoparticles as
photocatalyst. The photodegradation mechanism was also researched and proposed.

Keywords: electrospinning; core—shell nanofibers; porous membranes; AgCl/ZnO heterojunction;
photodegradation

1. Introduction

Due to the swift advancement of contemporary society, organic pollutants [1-3] like
dyes, pesticides, and fertilizers have emerged as the principal factors contributing to water
pollution. The rapid and efficient removal of water pollutants has become a popular topic
and a focus of research in the environmental field. Organic dyes, as common pollutants,
can lead to reduced oxygen levels, increased toxicity, and excessive nutrient contents
in water bodies. Photocatalysis induces oxidation-reduction reactions in semiconductor
materials [4-9] to degrade organic pollutants and is now a highly regarded green and
sustainable development strategy. Heterostructures formed by two or more photocatalytic
materials often exhibit a wider range of light absorption wavelengths compared with single
photocatalysts [10-13]. By effectively suppressing the recombination of electron-hole pairs,
photocatalytic performance can be enhanced.

Photocatalytic nanoparticles are often in the form of a powder, which has disadvan-
tages, such as easy aggregation and difficult recovery after a reaction, resulting in a loss of
photocatalytic activity and decreased recyclability [14,15]. Photocatalytic nanoparticles can
be loaded on nanofiber skeletons by combining electrospinning technology with photo-
catalysis [16,17], which can effectively improve recycling performance while ensuring high
catalytic efficiency. In recent years, the rapid advancement of multifluid electrospinning
technology [18,19] has resulted in a diverse range of internal structural designs for elec-
trospun nanofibers. Additionally, the controllable manufacturing of multilevel complex
structures [20,21] has significantly enhanced the functionality of fiber materials.

Porous nanofibers have high specific surface areas, making them ideal carriers for
photocatalysts [22-26]. However, such porous structures may reduce the mechanical prop-

Polymers 2024, 16, 754. https:/ /doi.org/10.3390/polym16060754 64 https://www.mdpi.com/journal /polymers



Polymers 2024, 16, 754

erties of fibers. Nanofibers that are prepared using coaxial electrospinning technology,
featuring both a core-sheath structure and a porous sheath layer, exhibit outstanding me-
chanical properties and a high specific surface area, effectively overcoming the limitations
of conventional porous nanofibers.

In this study, silver chloride (AgCl) nanoparticles (NPs) were prepared using a water
bath method and then combined with zinc oxide (ZnO) to form AgCl/ZnO composite
photocatalytic particles. Porous nanofibers were prepared using cellulose acetate (CA) and
polycaprolactone (PCL) as polymer matrices, and AgCl/ZnO was loaded onto their surfaces.
A series of tests were carried out on the prepared functional fiber membranes to examine
their surface morphology and physical properties. The performance and mechanism of the
photocatalytic degradation of methylene blue by porous nanofiber membranes loaded with
photocatalysts were investigated through transient photocurrent response, electrochemical
impedance, free radical scavenging, and cyclic degradation experiments.

2. Materials and Methods
2.1. Reagents

The materials used in this study were a silver nitrate standard solution (0.1000 mol/L,
Macklin), zinc oxide nanoparticles (30 £ 10 nm, Shanghai Macklin Biochemical Technol-
ogy Co., Ltd., Shanghai, China), hydrochloric acid (HCl, 36-38%, analytical-grade, China
Pharmaceutical, Shanghai, China), polyvinylpyrrolidone (PVP K10, China Pharmaceutical),
anhydrous ethanol (EtOH, 99.7%, analytical-grade, Macklin, Shanghai, China), deionized
water (HpO), methylene blue (MB, >98%, Macklin), cellulose acetate (CA, 39.3—40.3 wt.%
acetyl, Sigma-Aldrich, St. Louis, MO, USA), polycaprolactone (PCL, 99%, Mw = 80,000,
Sigma-Aldrich), hexafluoroisopropanol (HFIP, 99.5%, analytical-grade, Mw = 168.04, Mack-
lin), trichloromethane (CF, >99.0%, China Pharmaceutical), ethylenediaminetetraacetic
acid disodium salt (Nay-EDTA, 99.96%, Macklin), isopropanol (IPA, >99.9%, Macklin), and
benzoquinone (P-BQ, >99.5%, Macklin). These regents were used directly after purchase.

2.2. Sample Preparation
2.2.1. Photocatalytic NPs

First, 20 mL of a 0.1 mol/L AgNOj; standard solution was transferred to 10 mL of
deionized water using a pipette and stirred thoroughly. Next, 0.073 g of HCl was dissolved
in 10 mL of deionized water and added dropwise to the aforementioned solution. To
obtain a milky white suspension, the solution was stirred with a magnetic stirrer at room
temperature for 2 h and on a heated stirrer at 60 °C for 1 h. The thoroughly mixed
suspension was centrifuged at a rate of 4000 r/min. Then, the precipitate was washed three
times with water and ethanol. Afterwards, the sediment was transferred into a vacuum
drying oven and heated to 60 °C for 12 h. After cooling, the dried precipitate was ground
to obtain AgCl nanoparticles.

Next, 0.1112 g of PVP was dissolved in 20 mL of anhydrous ethanol to form a
0.05 mol/L PVP solution as the cementing agent for ZnO and AgCl. Afterward, 30 mL of
a 0.1 mol/L AgNOj; standard solution was transferred into a beaker that held 10 mL of
deionized water. The solution was mixed thoroughly until it was clear and colorless. After
that, 10 mL of a 0.3 mol/L HCl solution was slowly introduced into the beaker, and stirring
continued with a magnetic stirrer for 2 h at room temperature. To the acidified AgNO;
aqueous solution, ZnO nanoparticles (0.243 g, 0.567 g, and 2.187 g) were added, and the
solution was stirred at 60 °C for 3 h. Finally, 10 mL of a 0.05 mol/L PVP solution was added
to the mixture and stirred continuously at 60 °C for 3 h. The thoroughly mixed suspension
was centrifuged at a rate of 4000 r/min, and the precipitate was washed three times with
water and ethanol. Afterwards, the sediment was transferred into a vacuum drying oven
and heated to 60 °C for 12 h. After cooling, the dried precipitate was ground to obtain
composite nanoparticles of AgCl/ZnO with different molar ratios (Magc:Mzno = 19, 3:7,
and 5:5). A schematic diagram illustrating the process of preparation is shown in Figure 1.
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Figure 1. Schematic diagram of the process for preparing AgCl/ZnO nanoparticles.

2.2.2. Nanofiber Membranes Supported by Photocatalytic NPs

Next, 0.8 g of CA was dissolved in 10 mL of HFIP, and 0.08 g of photocatalytic NPs
were added to the solution. The mixture was stirred with a magnetic stirrer for 24 h until a
uniform white suspension was obtained as the sheath fluid. Photocatalytic NPs of ZnO,
AgCl, AgCl/ZnO (Magc1:Mzno = 1:9), AgCl/ZnO (Magc1:Mzno = 3:7), and AgCl/ZnO
(Magc1:Mzno = 5:5) were used to fabricate F1, F2, F3, F4, and F5, respectively. Then, 0.8 g
of PCL was dissolved in 10 mL of CF and stirred with a magnetic stirrer for 12 h until a
uniform, colorless, and transparent solution was obtained as the core fluid. The obtained
sheath and core fluids were used to execute coaxial electrospinning. The collector distance
was set to 15 cm, the flow rate of the core and sheath solutions was maintained at 1.0 mL/h,
and the voltage was set to 10 kV, as shown in Figure 2.

8% (w/v) CA + photocatalytic |
particles (spinnable)

@ 8% (w/v) PCL (unspinnable)

High-voltage power supply

EECIZN uaw oL

(1mL/h| | 10Kv | H 1
oo o -0

‘@IA

Photocatalytic-particles
loaded porous core—sheath
nanofiber membranes

Taloy cone

Collector Ground
Figure 2. Schematic diagram of the preparation process of electrospun nanofibers.

2.3. Characterization
2.3.1. Morphology and Structure

The surface morphology was examined under an accelerated voltage of 30 kV using a
field emission scanning electron microscope (FESEM, Quanta FEG 450, FEI Corporation,
USA). First, the sample stage was cleaned thoroughly, and a conductive adhesive was
applied to its surface. The samples were placed on the conductive adhesive, and a Au

coating was sprayed onto the surface using a coating instrument to provide conductivity to
the samples.
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The photocatalytic particles and the fiber membrane loaded with photocatalytic par-
ticles were placed on a copper grid, and the internal structure was examined using a
transmission electron microscope (TEM, Tecnai G2 F30, FEI Corporation, USA) at an accel-
erating voltage of 100 kV.

The specific surface area, pore volume, and pore size distribution of the electrospun
nanofiber membranes were analyzed using a gas adsorption analyzer (ASAP2020, mi-
cromeritics, USA) providing nitrogen adsorption-desorption isotherms. The samples were
heated and subjected to vacuum degassing to remove adsorbed impurities on their surfaces.

2.3.2. Physical and Chemical State

The synthesized samples were characterized using an X-ray diffractometer (XRD,
Karlsruhe, Germany) employing CuK o (A = 1.541 A) radiation as the X-ray source, with a
scanning range of 10-70°.

X-ray photoelectron spectroscopy (XPS, ESCALAB Xi+, ThermoFischer, USA) was
used to obtain XPS data.

The functional groups present in the coaxial electrospun nanofiber membranes were
analyzed using Fourier transform infrared spectroscopy (FTIR, PerkinElmer, Billerica, MA,
USA). KBr was ground together with the measured sample. The instrument’s scanning
range was from 500 cm ! to 4000 cm ! with a resolution of 2 cm 1.

The UV absorption performance of the samples was characterized using a evaluate
(Lambda 750, PerkinElmer, Billerica, USA). BaSO4 was pressed and treated as a background.
Subsequently, a small amount of the photocatalyst was placed on its surface and pressed.
The scan range was 300-800 nm.

2.3.3. Photocatalytic Performance Testing

The photocatalytic performance of the samples was tested using a 300 W xenon lamp
(PLS-SXE300D/300DUYV, PerfectLight, China) to simulate sunlight. First, 10 mg of a sample
was added to 100 mL of an MB solution and stirred for 30 min under dark conditions
using a magnetic stirrer to achieve adsorption equilibrium between the functional particles
and the organic pollutant solution. Second, the xenon lamp was positioned at a height of
15 cm above the MB solution. After turning on the xenon lamp, 3 mL of the solution was
extracted and centrifuged every 10 min. Then, the absorbance of the solution was measured
using a UV-visible spectrometer. The photodegradation rate of the organic pollutants
was determined using the formula Q = (Cy — Ct)/Cy x 100%, where Cy and Ct represent
the absorbance values of the solution at time ¢ before and after irradiation with a xenon
lamp, respectively, and Q is the degradation rate. After undergoing each photocatalytic
degradation process, the sample was thoroughly rinsed with ethanol and deionized water
multiple times and then dried at 60 °C for 24 h. Afterwards, the cyclic stability of the
sample was examined. The error bar was calculated from three independent experiments.

2.3.4. Analysis of Photocatalytic Mechanism

The photoluminescence (PL) spectrum of the functional fiber membrane was measured
using an Edinburgh steady-state/transient fluorescence spectrometer (FL51000, Edinburgh
Instruments Ltd., UK) with an excitation wavelength of A = 254 nm.

First, 5 mg of the photocatalyst-supported nanofiber membranes were crushed, ground,
and dispersed in 1 mL of ethanol (containing 20 pL of Nafion) to prepare a slurry. The slurry
was coated onto a fluorine-doped tin oxide transparent glass substrate and dried to create
a working electrode. A carbon rod and a Ag/AgCl electrode were used as the counter elec-
trode and the reference electrode, respectively. The photocatalyst’s photocurrent response
(I-t) was measured under a switchable illumination cycle of 0.4 V and 100 s using a 300 W
xenon lamp as a simulated solar light source. The distance between the photocatalyst
and the xenon lamp was maintained at around 16 cm (with the xenon lamp operating at
14 A with an approximate light output power density of 200 mW-cm~2). Electrochemical
impedance spectroscopy and Mott-Schottky curves were measured under open-circuit
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conditions with a disturbance voltage of 5 mV in the frequency range of 0.01 Hz to 100
kHz.

Next, 1 mmol of Nay-EDTA, IPA, and P-BQ were separately added to the MB solution
as free radical scavengers. During the photocatalytic process, Nay-EDTA, IPA, and P-BQ
captured holes (h*), hydroxyl radicals (-OH), and superoxide radicals (-O, ™), respectively.
This condition allowed us to determine which type of free radical was the main factor
affecting the photocatalytic degradation efficiency of MB.

3. Results and Discussion
3.1. Photocatalytic Nanoparticles

It is widely recognized that AgCl, ZnO, and their AgCl/ZnO complexes can be utilized
as photocatalysts. The ZnO utilized in this article was commercially available, and AgCl
and AgCl/ZnO were synthesized following the method described in Section 2.2.

The morphology and structure of these photocatalytic nanoparticles are shown in
Figure 3. The prepared AgCl NPs exhibited a uniform size, an irregular cubic structure,
and excellent dispersibility. The ZnO NPs had a size range of 20-30 nm and exhibited
severe aggregation, which was due to the high surface activation energy or alterations in
the surface charge state of the nanoparticles. The series of AgCl/ZnO NPs shared similar
morphologies. As a representative of the series materials, an SEM image of AgCl/ZnO
(Magc1:Mzno = 5:5) is shown in Figure 3c. The surface morphology of the composite
nanoparticles changed relative to individual AgCl and ZnO, and it effectively improved
the agglomeration of ZnO. Considerable intermixing of the two types of particles was also
observed, and a heterostructure was formed. The TEM image in Figure 3d provides further
evidence and clearly shows the interface formed by ZnO and AgCl nanoparticles with
lattice spacings of 0.260 and 0.196 nm, respectively [27].

Figure 3. SEM images of (a) AgCl NPs, (b) ZnO NPs, and (¢) AgCl/ZnO NPs (Magc1: Mzno = 5:5)
and (d) TEM image of AgCl/ZnO NPs (Magci: Mzno = 5:5).

Figure 4 presents the XRD patterns of the photocatalytic nanoparticles. The peaks
labeled with red triangles “V¥” and gray circles “®” match the standard data of ZnO
(JCPDS card No. 36-1451) and AgCl (JCPDS card No. 31-1238), respectively [27]. The
characteristic peaks of AgCl and ZnO can be identified in the series of AgCl/ZnO NPs,
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with no other crystallization peaks present, indicating the high purity of the AgCl/ZnO
NPs. This is because the AgCl and AgCl/ZnO NPs in this work were prepared under
dark conditions, so there was no reduction or a minimal reduction of AgCl. As shown in
Supplementary Figure S1, the XRD spectrum of zinc oxide remained largely unchanged
after the photocatalytic reaction. However, a crystalline peak with a position at 38.8, which
corresponds to the standard data of silver (JCPDS card No. 04-0783), was identified within
the AgCl and AgCl/ZnO NPs after the photocatalytic reaction. These data demonstrate the
decomposition of silver chloride during the photocatalytic process.
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Figure 4. XRD patterns of ZnO NPs, AgClI NPs, and AgCl/ZnO NPs with different molar ratios.

Furthermore, the details of the material composition and element valance state of
AgCl/ZnO NPs (MAgCl: MZnO = 5:5) were analyzed using energy dispersive X-ray
photoelectron spectroscopy (XPS). As indicated in the wide scan survey spectra (Figure 5a),
the characteristic peaks of Zn 2p, O 1s, Ag 3d, C 1s, and Cl 2p are observed. In Figure 5b,
the C 1 s spectrum consists of deconvoluted peaks at approximately 288.5 eV, 286.5 eV, and
284.8 eV, which are signatures of C = O, C-N, and C-C carbon species, respectively [28]. In
the magnified XPS spectrum of Zn 2p (Figure 5c), the two spin orbital peaks at 1045.3 eV
and 1022.2 eV belong to Zn 2p 1/2 and Zn 2p 3/2, respectively, reflecting the stable Zn?*
state [29]. The O 1 s spectrum shown in Figure 5d reveals oxygen components situated
at around 530 eV, and 532 eV, which are typically related to ZnO, and C = O bonds,
respectively [29]. In the Ag 3d spectrum in Figure 5e, the clear peaks at 372.7 eV and
366.7 eV are associated with two satellite peaks corresponding to Ag 3d 3/2 and Ag 3d
5/2, which is ascribed to the Ag in AgCl [30]. Shown in Figure 5f are peaks at 198.7 eV
and 197.1 eV, which are signatures of the C1™ in AgCl, and peaks at 200.2 eV and 198.6 eV,
which are signatures of the C1° [15,30].

The operation of the photocatalytic experiment is detailed in Section 2.3.3. As shown
in Figure 6a, the photocatalytic efficiency of AgCl/ZnO NPs was much higher than those
of the individual AgCl NPs and ZnO NPs. As the content of AgCl increased, so too did
the photocatalytic efficiency of the AgCl/ZnO NPs. The kinetic analysis of photocatalytic
MB degradation is illustrated in Figure 6b. The fitting correlation coefficients are 0.96717,
0.99187, 0.96742, 0.98773, and 0.98041, respectively, indicating that the photocatalytic
processes of MB degradation by the five different photocatalysts all follow the first-order
kinetic model. The lower photocatalytic efficiency of AgCl and ZnO may be due to the
easier recombination of electrons in the valence band (VB) with defects (holes) in the
conduction band (CB). The formation of a heterojunction between AgCl and ZnO can
effectively suppress the recombination of electrons and holes. O, can be reduced to -O;” by
the electrons on the CB, whereas H,O can be oxidized to -OH by the holes in the VB. When
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the molar ratio of AgCl to ZnO is 1:1, the heterojunction between AgCl and ZnO becomes
highly enriched, effectively suppressing electron—hole recombination and attaining the
utmost photocatalytic efficiency.

& Survey
(a) 5 | (b)
3 3 ;
5 N =
~ N
g . z
wn B
= P < 7
2 3 g 3 g
=] w E] 228 E
— = =
o) IS N% =
S
N ¥ o asdyg
R
T T T T T T T T T T T T T T T T
1350 1200 1050 900 750 600 450 300 150 0 299 297 295 293 291 289 287 285 283 281
Binding energy (eV) Binding energy (eV)
(C) Zn2p Zn2p;, (d) O ls 530eV
~ 7
= 10222 eV s
= =
2 =
& :
= =
R
T T T T T T T T T T T T T T T T
1053 1049 1045 1041 1037 1033 1029 1025 1021 1017 545 543 541 539 537 535 533 531 529 527
Binding energy (eV) Binding Energy(eV)

Ag3d Ag 3ds,

C

Cl2p 1987V 197.1eV
A

~~
[¢)
—~

Intensity(a.u.)
Intensity(a.u.)

T T T T T T T T T T T T T T T T
381 379 377 375 373 371 369 387 365 363 211 209 207 205 203 201 199 197 195 193

Binding Energy(eV) Binding Energy(eV)

Figure 5. XPS spectrum of AgCl/ZnO NPs (MAgCl:MZnO = 5:5): (a) survey, (b) C Is, (c) Zn 2p, (d) O
1s, (e) Ag 3d, and (f) Cl1 2p.

Figure 6¢c shows that after four photocatalytic experiments, the mass of the photocat-
alyst decreased from 10 mg to 7.2 mg. Figure 6d indicates that as the cyclic experiments
progressed, the photocatalytic degradation efficiency of MB decreased. The degradation
rates for the first, second, third, and fourth cycles were 99.70%, 93.76%, 88.56%, and
79.64%, respectively. This was mainly due to the loss of photocatalytic particles during the
centrifugation and drying processes of the photocatalytic experiments.
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Figure 6. (a) Photodegradation activity and (b) corresponding first-order kinetic fitting curves
of different photocatalytic NPs toward MB under simulated solar light irradiation. (c) Mass and
(d) photocatalytic performance of AgCl/ZnO (M AgC1:Mzno = 5:5) after each cycle.

3.2. Loading Photocatalytic NPs Onto Electrospun Nanofibers

In order to improve the recycling efficiency of the photocatalysts, the aforementioned
photocatalytic particles were loaded onto nanofiber membranes via multifluid electro-
spinning. With PCL as the core layer in the coaxial electrospinning process, fibers with
improved mechanical properties were obtained to compensate for the weakened mechani-
cal performance of the porous fibers.

As shown in Figure 7a—e, SEM observations revealed that there were numerous irreg-
ular pores and a minor quantity of photocatalytic particles on the surfaces of electrospun
nanofibers F1-F5. The presence of these irregular pores can be attributed to the rapid
evaporation of HFIP in the sheath solution during electrospinning, resulting in a decrease
in the surface temperature of the fibers. Consequently, the surrounding water molecules
undergo condensation and form water droplets attached to the surfaces of nanofibers.
Additionally, the core solvent, CF, is volatile and diffuses to the surfaces of nanofibers as
HFIP evaporates. CF is sparingly soluble in water, resulting in the formation of irregular
structures when CF comes into contact with water. Once water droplets and CF completely
evaporate, irregular pores are left behind on the surfaces of nanofibers. The successful
loading of the photocatalytic nanoparticles and the core—sheath structure of the fibers could
be further verified through TEM analysis, as shown in Figure 7f.

The nitrogen adsorption-desorption isotherm of F5, which corresponds to a type II
isotherm [31] that is suitable for mesoporous materials, is shown in Figure 7g. The specific
surface area of F5 was calculated to be 293.54 m? /g. The pore size distribution curve shown
in Figure 7h revealed that the pores on F5 mainly consisted of micropores, mesopores, and
a small number of macropores, and the average pore size was 6.22 nm.
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Figure 7. (a—e) SEM images of F1-F5, (f) TEM image, (g) nitrogen adsorption—-desorption isotherm,
and (h) pore size distribution curve of F5.

Figure 8a shows the XRD patterns of PCL, AgCl NPs, ZnO NPs, and coaxial electro-
spun nanofiber membranes F1-F5. PCL had two diffraction peaks at around 21.7° and
24.0°, indicating its semicrystalline nature. PCL is composed of two structural forms,
namely, ordered crystalline and disordered amorphous regions. The polymerization of
PCL involves the ring-opening polymerization of e-caprolactone, resulting in crystalline
regions in the middle of the polymer chains and amorphous regions surrounding them.
Therefore, PCL is considered a semicrystalline polymer. The peaks at 260 = 31.8°, 34.4°, 36.3°,
47.5°, and 56.6° observed in the XRD patterns of the F1 and F3-F5 nanofiber membranes
correspond to the (100), (002), (101), (102), and (110) crystal planes of ZnO, respectively,
indicating the successful loading of ZnO NPs onto the surfaces of the nanofibers. The peaks
at 20 =27.8°,32.2°,46.2°,54.8°, and 57.5° observed in the XRD patterns of the F2 and F3-F5
nanofiber membranes correspond to the (111), (200), (220), (311), and (222) crystal planes of
Ag(l, respectively, indicating the successful loading of AgCl NPs onto the surfaces of the
nanofibers. With increasing AgCl contents, the diffraction peaks of AgCl in F3-F5 gradually
increased, whereas the diffraction peaks of ZnO gradually decreased.

PL is used to study the transfer and separation of photo-induced charge carriers in elec-
trospun nanofiber membranes [32]. Typically, the lower the peak intensity of PL, the lower
the recombination rate of photo-induced charge carriers and the higher the photocatalytic
activity. As shown in Figure 8b, F1 and F2 exhibited higher peak PL intensities than F3-F5,
and the peak PL intensities of F3-F5 decreased because the number of AgCl/ZnO hetero-
junctions increased. This result was consistent with the photocatalytic MB degradation
efficiency of unloaded photocatalytic particles.
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Figure 8. (a) XRD patterns of PCL, AgCl NPs, ZnO NPs, and nanofiber membranes F1-F5 and
(b) photoluminescence spectra of nanofiber membranes F1-F5.

Analyses and characterizations of the functional groups in the polymer substrates and
coaxial electrospun nanofiber membranes were performed, as shown in Figure 9a. In the
infrared spectrum of CA, the peak at 1752 cm ™! corresponds to the C=0 stretching vibration
of the carbonyl group, whereas the peaks at 1241 cm ! and 1430 cm ! correspond to C-O
tensile vibration and C-H tensile vibration, respectively [33]. In the infrared spectrum
of PCL, the peaks of C-H, C=0O, and C=0 stretching vibrations appear at 2954 cm™!,
1733 cm ™!, and 1173 cm ™!, respectively [34]. After loading the photocatalytic particles onto
the nanofibers, a noticeable shift in the C=0O vibration peak toward lower wave numbers
was observed, which suggested the formation of hydrogen bonds between CA and the
photocatalytic particles.
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Figure 9. (a) FTIR spectra of the raw materials PCL and CA, and nanofiber membranes F1-F5.
(b) Molecular structures of PCL and CA.

o:(
F1 o
: ] b PCL
' : 3 ) HO
{ 1
12954 1733 | 1173 o) o
: (0]
04<

3.3. Photocatalytic Performance of the Nanofiber Membranes

Photocatalyst-loaded porous nanofiber membranes F1-F5 were added to a 100 mL
10 mg/L MB solution. As shown in Figure 10a, after 30 min of dark treatment, the
adsorption and desorption of MB on the porous nanofiber membranes reached equilibrium,
and the absorption of MB was greater than when using photocatalytic nanoparticles.
Subsequently, after simulated solar light irradiation for 70 min, the adsorption degradation
rates of MB on F1-F5 were 85.67%, 90.07%, 95.18%, 97.50%, and 98.47%, respectively.
The correlation coefficients of the kinetic fitting were 0.96428, 0.98785, 0.98032, 0.97579,
and 0.97996, as shown in Figure 10b, indicating compliance with the first-order kinetic
model. In addition, a five-cycle repeated experiment was conducted on F5. The cyclic
degradation efficiency and the remaining mass of the membrane were recorded after each
cycle. As presented on the left y-axis in Figure 10c, even after five cycles, F5 maintained a
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photocatalytic efficiency of over 95% with only minor variations. This result suggests that
the photocatalyst was firmly fixed on the porous nanofiber membranes and formed a stable
structure that maintained good dispersion and catalytic activity even after multiple cycles.
The nanofiber membrane possessed a porous structure and a large surface area, allowing
the photocatalyst to be exposed on the surface and increasing the area of contact with MB.
Additionally, the pore structure could scatter light effectively within the fiber membrane,
thereby enhancing the photocatalytic reaction. As shown in Figure S2, the structure of the
nanofiber membrane remained after the photocatalytic reaction.
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Figure 10. (a) Photodegradation activity, (b) corresponding first-order kinetic fitting curves of MB
under simulated solar light irradiation of F1-F5, and (c) cyclic experiment on F5.

3.4. Photocatalytic Mechanism

To gain a deeper insight into the photocatalytic mechanism and band structure of
AgCl/Zn0O heterojunctions, the photocatalytic nanoparticles were first characterized using
UV-Vis absorption spectra, as shown in Figure 11a. The absorption spectrum of pure ZnO
exhibited strong absorption below 400 nm, indicating the efficient absorption of UV light
due to the charge transfer from the VB (O 2p orbitals) to the CB (Zn 4s orbitals). In compar-
ison with ZnO, the absorption spectra of AgCl NPs and AgCl/ZnO NPs showed strong
absorption below 400 nm and between 400 and 800 nm. The bandgap widths of ZnO and
AgCl could be calculated using the Kubelka-Munk equation (acchv) = A(hv — Eg)n/ 2, where
the integer n values of the direct semiconductor (ZnO) and the indirect semiconductor
(AgCl) were 1 and 4, respectively [35]. As shown in Figure 11b, the bandgap (Eg) values of
AgCl and ZnO were 3.25 and 3.38 eV, respectively. The Mott-Schottky [36] curves of AgCl
and ZnO, shown in Figure 11¢,d, suggest that AgCl and ZnO are n-type semiconductors.
The flat-band potentials (Epg) of AgCl and ZnO relative to Ag/AgCl at pH 7 were —0.03
and —0.40 V, respectively. After conversion to the normal hydrogen electrode (NHE), the
Ecp values were calculated to be —0.033 and —0.403 V (Ecg(NHE) = Ecg(Ag/AgCl) + 0.197).
Therefore, the corresponding valence (Eyp = Eg + Ecp) values of AgCl and ZnO were 3.217
and 2.977 eV, respectively.

The I-t testing [37] of F1-F5 was performed in a 0.2 M NaySOj electrolyte solution
to further demonstrate the effective separation of photogenerated charge carriers in the
nanofiber membranes. As shown in Figure 12a, when the xenon lamp was turned on to
illuminate the sample, the electrons on the sample surface were excited. The concentration
of charge carriers on the sample surface increased, resulting in a linear increase in the
current density, and a stable state was reached at a certain amplitude. When the xenon
lamp was turned off, the number of excited electrons on the sample surface decreased,
and the concentration of charge carriers decreased accordingly, leading to a decrease in
the current density and a continued stable state. With 100 s as one switching cycle, the
peak intensity of the current density when the xenon lamp was turned on and off remained
relatively constant in each cycle. The photocurrent densities of F3—-F5 were much higher
than those of F1 and F2, revealing the strong light absorption capability of the AgCl/ZnO
nanoparticles, which could promote the separation of photogenerated charge carriers. F5
exhibited the highest photoresponse activity, which was consistent with the PL results.
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Figure 12. (a) Transient photocurrent responses of F1-F5 under simulated solar light irradiation.
(b) Electrochemical impedance spectra of F1-F5. (c) Free radical trapping experiment on F5 under
simulated solar light irradiation. (d) Degradation efficiency of MB after the addition of free radicals.

The electrochemical impedance spectra were measured in a 0.2 M NapSO; electrolyte
solution to further demonstrate the effective separation of photogenerated charge carriers in
F1-F5 [38]. The size of the electrochemical reaction region on an electrode surface, which is
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often referred to as the electrode polarization layer radius or effective diffusion layer radius,
reflects the size of the electrochemical reaction region. Generally, a small electrochemical
reaction region on an electrode surface indicates a fast diffusion of reactants, which helps
improve the efficiency of electron-hole separation. Figure 12b shows that the radii of F3-F5
were smaller than those of F1 and F2, and as the molar ratio of AgCl to ZnO increased,
the radii gradually decreased. F5 exhibited high efficiency in the separation of electrons
and holes, indicating that the formed heterojunctions suppressed the recombination of
photogenerated carriers to a great extent. This result further confirmed the presence of a
larger number of electrons and holes participating in the photocatalytic reaction in F5.

To investigate the influence of free radicals on MB degradation during the photocat-
alytic process, this study introduced 0.1 mmol Nay-EDTA, P-BQ, and IPA as free radical
scavengers into the F5 system for MB degradation; these scavengers can capture h*, -O,~,
and -OH free radicals, respectively. As shown in Figure 12¢,d, the addition of P-BQ consid-
erably reduced the degradation efficiency of MB. This finding indicates that -O,™ plays a
dominant role as the key free radical in the degradation process of MB. P-BQ reacts with and
neutralizes -O, ™ free radicals, thereby reducing the amount of -O, ™ in the photocatalytic re-
action and consequently lowering the rate and efficiency of the photocatalytic reaction [39].
Moreover, P-BQ can be competitively adsorbed onto the photocatalysts, obstructing the
adsorption of organic molecules and impeding the progress of the photocatalytic reaction,
which also leads to a decrease in photocatalytic efficiency. The addition of Na,-EDTA and
IPA also resulted in a certain degree of photocatalytic efficiency reduction, indicating the
participation of h* and -OH. Therefore, h*, -OH, and -O, ™ all play significant roles in the
photocatalytic decomposition process.

The photocatalyst was in an excited state under simulated solar light irradiation. The
electrons (e™) in AgCl and ZnO underwent a transition from the VB to the CB, leaving
corresponding holes in the VB. At this point, the CB potential of AgCl was more positive
than that of ZnO, so electrons from the CB of ZnO transitioned to the CB of AgCl and
gradually accumulated. Based on the above analysis, a photocatalytic mechanism was
proposed in Figure 13. Firstly, under UV light irradiation, photogenerated electron-hole
pairs (e"—h*) were formed in ZnO NPs. AgCl decomposes under light to produce Ag,
which absorbed UV light, and generated Ag* and e™. Secondly, some e~ from the CB
reacted with Ag* to form Ag and the other e~ were expected to be trapped by O, in solution
to generate -O, ™ and other oxygen species like HOO- and H,O,. The generated radicals
can react with dyes [40]. Thirdly, the h* could react with AgCl to form Ag* and C1°, and a
part of h* generated by ZnO reacted with HyO to form -OH. The CI° and -OH could also
react with the dyes. Through the synergistic action of -O,~, -OH, h* and CI°, the MB were
degraded into CO, and H,O.

1:6) Ag*\ Ag

-0y + H* - HOO-
-1.0 — N O .
R — 040366 gg | N HOO— MO0
Z 0.0 —r=mmrrmrrmernmnnnans % CB _0.0-33 .02— + dye = C02 + HZO
& 10— % | Zno I
2 i AgCl &
= 20— 80 0
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4.0 — — ‘;J,.\AgCl
H,0 1 h 9 -OH + dye — CO, + H,0
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Figure 13. Possible photocatalytic mechanism of the degradation.
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4. Conclusions

Water pollution caused by organic dyes necessitates more efficient and sustainable
treatment strategies. This study demonstrated a one-step method for fabricating porous
nanofiber membranes loaded with functional particles that had large surface areas and
high photocatalytic efficiency for MB. With a stable core layer in the coaxial electrospinning
process, nanofibers with improved mechanical properties were obtained to compensate
for the weakened mechanical performance of the porous fibers. A porous nanofiber
membrane loaded with AgCl/ZnO (M AgC1:Mzno = 5:5) showed the highest photodegrada-
tion efficiency for MB, and even after five cycles of repeated experiments, the mass and
photocatalytic efficiency of the nanofiber membrane remained above 95%, which success-
fully addressed the issues of photocatalytic efficiency loss during the photodegradation
with AgCl/ZnO NPs. However, the porous structure only existed on the surfaces of the
nanofibers, leaving room for further improvement in the structural design. Additionally,
when loading functional particles onto the surfaces of porous nanofibers, attention should
be paid to potential issues, such as particle detachment, which could affect photocatalytic
efficiency. Although this study focused on the photocatalytic degradation of organic dyes,
the porous nanofiber membrane could also be applied to address environmental issues
such as heavy metal ion adsorption.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym16060754/s1, Figure S1: XRD patterns of ZnO NPs, AgCl
NPs, and AgCl/ZnO NPs with different molar ratios after photocatalytic reaction. Figure S2: SEM
images of F1, F2, F3, F4, and F5 before (a, b, ¢, d, e) and after (al, b1, c1, d1, el) photocatalytic reaction.
Scale bar: 500 nm.
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Abstract: Cationic polyacrylamide (CPAM) solid particle is one of the most commonly used organic
polymer flocculants in oilfield wastewater treatment, but it poses some problems, such as a slow
dissolution rate and an easy formation into a “fish-eye” in the process of diluting into aqueous
solution. However, the current liquid CPAM products also have some problems, such as low effective
content, poor storage stability, degradation in a short time, and high preparation costs. In this
paper, a CPAM suspension was successfully prepared with 50.00% CPAM fine powder, 46.87% oil
phase solvent, 0.63% separating agent, 1.56% emulsifying and dispersing agent, and 0.94% rheology
modifier. This suspension has an effective content of 50.00%. It also showed no separation in 7 days
of storage at room temperature, no separation in 30 min of centrifugation at a speed of 2000 rpm, and
diluted to a 0.40% solution in just 16.00 min. For 1000 NTU of diatomite-simulated wastewater, the
optimal turbidity removal rate of the suspension was 99.50%, which was higher than the optimal
turbidity removal rate of 98.40% for the inorganic flocculant polymeric aluminum chloride (PAC). For
oilfield wastewater, the optimal turbidity removal rate of the CPAM suspension was 35.60%, which
was higher than the optimal turbidity removal rate of 28.40% for solid particle CPAM. In a scale-up
test, the CPAM suspension achieved a good application effect.

Keywords: cationic polyacrylamide; flocculant; suspension; oilfield wastewater

1. Introduction

Oilfield wastewater mainly comes from oilfield extraction water, drilling fluid waste
fluid, refinery wastewater, etc. After mixing, its composition is very complex, and its
main characteristic is that it contains a large number of oil droplets of different sizes and
suspended matter [1-4]. The treatment methods of oilfield wastewater mainly include
the physical separation method, biological treatment method, and chemical flocculation
method [5]. The physical separation method is mainly used to remove oil and suspended
solids from oily wastewater, etc. The main treatment processes are the gravity separation
process, membrane separation process, air flotation process, and so on. The physical
separation method has the advantages of simple operation and low cost, but there are
obvious shortcomings including that the separation is not thorough enough [6]. The
biological treatment method employs microorganisms in some wastewater organic matter
decomposition into some relatively simple substances, mainly used in the treatment of
oilfield wastewater with high water quality requirements; the disadvantage of the biological
method is that it needs to be based on the characteristics of the sewage for the cultivation
of special biological strains of bacteria, and sewage water quality changes need to be
cultivated to produce different strains of biological bacteria [7,8]. The chemical flocculation
method can make the oil droplets and suspended matter in wastewater quickly settle and
flocculate, which is one of the main treatment methods for oilfield wastewater [9,10].
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The organic polymer flocculant cationic polyacrylamide (CPAM) has the characteristics
of a low additive amount, good turbidity removal and water purification effect, and high
COD removal efficiency, and it has become the most commonly used polymer flocculant in
the oilfield wastewater treatment process [11-15].

Polyacrylamide solid particles need to be prepared into a diluent of a certain concen-
tration for use, which will undergo three stages of wetting, swelling, and dissolution during
the dilution process [16]: wetting is the gradual solventization (hydration) of the surface
of the polymer particles; swelling is the hydration of the polymer particles’ surface by the
osmotic pressure of the solvent, during which small water molecules continue to penetrate
into the polymer particles, resulting in the gradual swelling of the particles; and when the
distance between the molecules within the swelling polymer particles reaches a certain
value, the linear polymer molecular clusters begin to disperse, forming a solution, which is
the process of dissolution. The dilution process of all water-soluble polymer solid particles
is the same. The external fine particles will first quickly get wet, swell, and dissolve, form-
ing a locally highly viscous solution, which will make a large number of solvated water
molecules adhere to the outside of the polymer, preventing the internal small particles
from further contact with the solvent water molecules, resulting in the external particles of
the polymer being dissolved, while the internal particles will not even come into contact
with the water molecules. These internal particles are “encapsulated” to make it difficult
to reach the water molecules, forming a “fish-eye” that is difficult to dissolve. Once the
“fish-eye” is formed, it will cause the waste of the flocculant, or it will block the pipeline
and pump head, which will affect the production of the system. In addition, due to the
slow dissolution rate of solid particle flocculants, a specialized device is needed to dissolve
these flocculants, and the device operates continuously for 24 h, increasing equipment
maintenance costs and energy consumption.

The solubility problem of CPAM solid particles has brought great trouble to the oilfield
wastewater treatment process, restricting the improvement and innovation of the process.
In recent years, researchers have begun to study the preparation technology of liquid
cationic polyacrylamide products [17-19], but there are still many technical difficulties to
be solved in these technologies, such as a low effective content, poor storage stability, poor
water purification effect, complex preparation process, high production costs, etc. Liquid
CPAM products represented by “water-in-oil” emulsions and “water-in-water” emulsions
have received extensive attention from many researchers due to their fast dissolution
rate [20-24], and the advantages and disadvantages of different products are shown in
Table 1.

Table 1. Comparison of advantages and disadvantages of different CPAM products.

CPAM Product Advantages Disadvantages
Solid particles Convenient transportation, Slow dlsSOIVH}g speed,
stable storage easy to form fish-eye

Inconvenient transportation,
low effective content (<10%),
easy to deteriorate, odor

Easy to separate layers,

easy to degrade

Low effective content (<30%),

Fast dissolving speed,

Low-concentration solution . .
convenient preparation

Water-in-water emulsion Fast dissolving speed

Fast dissolving speed,

Water-in-oil emulsion good stability high pric;e, complex
preparation processes
No fish-eye, high Dissolving speed is
Suspension (this work) effective content, relatively slow,
simple preparation process loss of solution viscosity

Franklin [25] prepared a polyacrylamide water-in-oil microemulsion, which had
good stability and was not easy to separate. However, the viscosity of the product was
relatively high. When the polymer content was 28.10%, the apparent viscosity of the
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microemulsion reached more than 321 mPa-s, and its mobility was too poor to be pumped
in practical applications. Liu [26] prepared a water-in-water cationic polyacrylamide
emulsion with a viscosity of 150~500 mPa-s, but its effective content was only about 15%.
The preparation of this “water-in-water” emulsion required a strict monomer concentration.
In the polymerization process, once the monomer concentration was too high, it was easy
to form a gel rather than a stable emulsion. The “water-in-oil” emulsion prepared by Wang
had a stable performance [27], no separation after 3 months at room temperature, and a
dissolution time of about 10 min. However, the preparation process of a “water-in-oil”
emulsion is very complicated, and it needs to be synthesized under the conditions of no
metal ions and no oxygen, so the production cost is high and the cost performance of the
product is relatively low. In short, the preparation technology of these liquid products is
still immature, and there are obvious defects, such as a low effective content of the solid
phase, with the effective content generally being no more than 30%, which brings great
inconvenience to its transportation and production. Another disadvantage includes a poor
storage stability, with long-term storage resulting in serious degradation. Finally, these
liquid products have a low molecular weight, compared with solid particles and not only
require greatly increasing the dosage of the agent, but at the same time, their flocculation
and purification performance on wastewater is also poor and it is difficult to meet most of
application requirements.

Due to the many defects of CPAM products existing in the current market, with for
example, solid-type CPAM (CPAM particles) having the problems of a slow dissolution
speed and easy formation into a “fish-eye”, while liquid-type CPAM products (water-
in-water emulsions, water-in-oil emulsions, low-concentration aqueous solutions) have
the problems of a low effective content, poor storage stability, expensiveness, and so on,
the development of a novel type of CPAM flocculant with a fast dissolution speed, high
effective content, and good storage stability is imperative. Therefore, the objective of this
paper is to develop a novel type of CPAM, which, in comparison with the current work,
has the following features: (1) good solubility, in that it can be quickly dissolved, not form
a “fish-eye”, and solve the problems of CPAM waste, poor application effect, and pipeline
blockage caused by the poor solubility of current solid CPAM products; (2) good stability,
solving problems such as spoilage in summer, freezing in winter, and easy degradation of
current liquid products; and (3) high effective content, reducing storage, transportation,
packaging, and other costs, with the current liquid-type CPAM effective content being too
low and emulsion-type CPAM being limited by its stability in the polymerization process,
usually requiring a low concentration of monomers. Once a monomer concentration is too
high, burst polymerization will occur a stable emulsion cannot be obtained. Meanwhile,
solution-type CPAM is limited by its fluidity, and when a solution with a concentration of
more than 10% is prepared, the solution will be too viscous and difficult to make flow.

In this paper, a novel type of liquid CPAM product, a CPAM suspension, was pre-
pared, the optimal preparation process of the suspension was first studied, and then the
dissolution performance, storage stability, flocculation, and water purification performance
of the suspension were evaluated. Finally, a scale-up test was conducted to apply the
produced CPAM suspension to oilfield wastewater treatment to verify the performance of
the suspension for practical applications.

2. Materials and Methods
2.1. Materials and Instruments

Cationic polyacrylamide 4190 (CPAM 4190) was purchased from SNF China Co.,
Ltd., Taixing, China. #5 White Oil (#5WO) was purchased from Shenzhen Zhongruntong
Chemical Co., Ltd., Shenzhen, China. Fumed silica (F-Silica 5000 mesh) was purchased
from Yangshan Yuanfeng Powder Material Co., Ltd., Qingyuan, China. Organic bentonite
(O-Bent) was purchased from CNPC Bohai Drilling Engineering Co., Ltd., Tianjin, China.
Polyaluminum chloride (PAC) was purchased from Nanjing Xiangling Environmental
Protection Technology Co., Ltd., Nanjing, China. Sodium dodecyl sulfate (SDS), sodium
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dodecyl benzene sulfonate (SDBS), polysorbate 80 (Tween 80), sorbitan tristearate 60 (Span
60), sorbitan tristearate 80 (Span 80), hexadecyl trimethyl ammonium bromide (CTAB), and
dodecyl phenol polyoxyethylene ether 10 (OP-10) were purchased from Beijing Yili Fine
Chemicals Co., Ltd., Beijing, China. Except for CPAM 4190, #5WO, F-Silica, and O-Bent,
which were industrial-grade, the other reagents were analytical-grade.

The six-speed rotary viscometer, ZNN-D6, and digital display high-speed mixer, GJ-
25, used were manufactured by Qingdao Tongda Special Instrument Co., Ltd., Qingdao,
China. The multi-functional high-speed blender, SUS-304, employed was manufactured
by Wuyi Hainan Electric Co., Ltd., Haikou, China. The standard sample sieve used
was manufactured by Beijing Chemical Glass Station Bioanalytical Technology Co., Ltd.,
Beijing, China. The desktop high-speed centrifuge was manufactured by Changsha Dong-
wang Experimental Instrument Co., Ltd., Changsha, China. The high-speed adjustable
homogeneous emulsifier, FSV-2, was manufactured by Changzhou Jintan Jingda Instru-
ment Manufacturing Co., Ltd., Changzhou, China. The digital display laser turbidity
meter SGZ-2 was manufactured by Shanghai Yuefeng Instrument Co., Ltd., Shanghai,
China. The optical microscope, CX-43, was manufactured by Olympus (China) Co., Ltd.,
Beijing, China.

2.2. Preparation Method of CPAM Suspension

Firstly, the industrial-grade CPAM solid particles were crushed by a pulverizer for
2 min and then poured out, the crushed CPAM solid particles were then sieved through a
100-mesh standard sample sieve, and a certain amount of separating agent was added and
mixed well with a stirrer to obtain CPAM fine powder for use.

Then, a certain amount of rheology modifier was added into the oil phase solvent, and
the solution was emulsified and stirred for 2 min with a high-speed homogenizer to obtain
the suspension solvent.

Finally, the CPAM fine powder was added with the emulsifying and dispersing agent
together into the suspension solvent and emulsified and dispersed at a high speed for
10 min with a high-speed homogenizer to obtain a stable CPAM suspension. The prepara-
tion schematic is shown in Figure 1.
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Figure 1. Schematic diagram of the CPAM suspension preparation.

2.3. Performance Evaluation Methods for Suspension
2.3.1. Evaluation Method of Solubility

Non-Newtonian fluid rheological performance test—A certain volume of non-
Newtonian fluid was taken, a special measuring cup was filled by it for viscosity test-
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ing, the readings of the six-speed rotational viscometer at different speeds were recorded,
and the following formulas were used to calculate the rheological parameters:

AV =Rgg0/2 1)
PV =Rgo0 — Rzno ()
YP = 0.5(Rsp0 — PV) 3)

where

Reoo = the reading of the viscometer at 600 r/min (dia);

Rapp = the reading of the viscometer at 300 r/min (dia);

AV = apparent viscosity (mPa-s);

PV = plastic viscosity (mPa-s);

YP = yield point (Pa).

Dissolution time test—Under the speed of 200 rpm, a certain mass of suspension
was slowly added dropwise to the beaker containing deionized water, and the apparent
viscosity value of the solution was recorded at intervals until the apparent viscosity value
no longer increased, which was the dissolution time for the sample to fully form an
aqueous solution.

2.3.2. Evaluation Method of Stability

A certain volume of CPAM suspension was placed in a test tube and the height from
the bottom of the test tube to the liquid surface was recorded as L. After storing the
test tube at room temperature for 1 day, 3 days, and 7 days, the height of the separated
supernatant was recorded as L, and the following formula was used to calculate the
storage separation rate of the suspension:

S=Ly/L; x 100% @)

where

S = storage separation rate (%);

L = height of the suspension (cm);

L, = height of separated supernatant (cm).

A certain mass of CPAM suspension was weighed and recorded as M;, poured into a
centrifuge tube and sealed, placed into a high-speed centrifuge, and then centrifuged at
2000 rpm for 30 min. The mass of the centrifuged supernatant was weighed and recorded
as My, and the following formula was used to calculate the centrifugal separation rate of
the suspension:

C=M,y/M; x 100% ®)

where
C = centrifugal separation rate (%);
M; = height of the suspension (g);
M, = height of separated supernatant (g).

2.3.3. Evaluation Method of Flocculation and Purification Performance

The simulated wastewater preparation—A certain mass of diatomite was weighed,
a certain volume of tap water was added, and a high-speed mixer was used to mix the
simulated wastewater well with a turbidity of about 1000 NTU. The oilfield wastewater
was taken from the combined wastewater treatment stations of the oilfield of PetroChina
Dagqing, including La-I-1, Xing-1, and Xing-20.

Wastewater turbidity removal rate test—A turbidimeter was first calibrated with
400 NTU standard solution. After the reading of the turbidimeter found it to be stable, a
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certain volume of wastewater was taken and put into the test bottle of the turbidimeter.
The original turbidity of the wastewater was recorded as Uj. A certain amount of flocculant
was added to the wastewater, stirred thoroughly, and it was allowed to stand for 2 min. The
upper clear liquid was then taken and its turbidity was tested as U,. The following formula
was used to calculate the turbidity removal rate of the flocculant on the wastewater:

T=U,/U; x 100% (6)

where
T = turbidity removal rate (%);
U = turbidity of original wastewater (NTU);
U, = turbidity after turbidity removal (NTU).

2.3.4. Determination of Oil Content

In this study, the oil content in the wastewater was determined using the spectropho-
tometric method [28], whereby the oily wastewater (from Daqing Bluestar Environmental
Protection Engineering Co., Ltd. (Daqging, China) wastewater treatment station) was placed
in a dispensing funnel, a certain amount of gasoline and hydrochloric acid was added to
extract the oil in the wastewater, the extract was dehydrated by anhydrous calcium chloride
and then filtered, the filtrate was evaporated to remove the gasoline in the water bath at
80 °C, and the standard oil samples were obtained to be used.

The standard oil sample was used to prepare the standard oil solution with an oil
concentration of 5.00 mg/mL, and then 0.00 mL, 0.50 mL, 1.00 mL, 1.50 mL, 2.00 mL,
5.00 mL, and 10.00 mL of the standard oil solution was put into a 50 mL colorimeter tube.
Then, the absorbance was tested by a spectrophotometer (A = 430 nm), and the relationship
between the oil content and absorbance was obtained, as shown in Table 2. A standard
curve was calculated by the least squares method: y = —0.27 + 42.11x.

Table 2. Relationship between oil content and absorbance.

Oil Content y (mg) Absorbance x
0 0
2.50 0.062
5.00 0.123
7.50 0.187
10.00 0.248
25.00 0.613
50.00 1.186

Hydrochloric acid and gasoline were added to a certain volume of wastewater for
extraction, the extracted oil phase was put in a colorimeter tube, gasoline was added to
dilute it to the scale, and a spectrophotometer was used to test its absorbance. To find
out the oil content on a standard curve, the oil content calculation formula used was
the following:

0=M,/V, x 10° 7)

where
O = oil content (mg/L);
M, = oil content found on the standard curve (mg);
V, = volume extracted from wastewater (mL).

2.3.5. Optical Microscope

Slides and coverslips were first cleaned using ethanol and then dried in an oven at
85 °C. Samples of the CPAM suspension were taken with a dropper, a drop was placed
on a slide and covered by a coverslip, and the suspension sample was observed using the
optical microscope Olympus CX-43 at different magnifications.
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3. Results and Discussion
3.1. Influencing Factors of the Suspension
3.1.1. Effect of the Separating Agent

The finer polymer particles are, the easier it is for them to agglomerate, so to prevent
the fine CPAM particles in the water from forming a “fish-eye”, it was necessary to add a
separating agent to disperse the particles. F-Silica [29,30] has the characteristics of a small
particle size, large specific surface area, and strong adsorption, which can be effectively
adsorbed on the surface of CPAM particles, making the suspension more stable [31]. The
adsorption mechanism of F-Silica is shown in Figure 2.
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CPAM Particle Surfactant F-Silica

Figure 2. The adsorption mechanism of F-Silica.

F-Silica is prepared using a fumed phase method, and the surface of its particles
contain silicon-oxygen bonds, which are hydrophobic, while the surface of CPAM particles
contain hydrophilic groups such as amine groups, which are hydrophilic. The suspension
contains surfactants with an amphoteric molecular structure; with hydrophilic groups at
one side and hydrophobic groups at the other side, the hydrophilic side can be attached
to the surface of CPAM particles, while the hydrophobic side can be in contact with the
surface of the F-Silica. Therefore, the surfactant can be used as a connecting thread to link
the two types of particles, F-Silica and CPAM, and this is the mechanism by which F-Silica
adsorbs on the surface of CPAM particles. If the amount of F-Silica is too little, it cannot
play a role in separation, and the CPAM particles will be in contact with each other; if the
amount of F-Silica is too much, it will cover all the CPAM particles, which is not conducive
to dissolution, so the amount of F-Silica should be controlled in an appropriate range.

In this study, different masses of F-Silica were added to the suspension to test the
apparent viscosity of the suspension and the dissolution time of different concentrations of
diluent, and the results are shown in Figure 3.

As can be seen from Figure 3a, the apparent viscosity of the suspension showed a
trend of decreasing and then increasing with the increase in the mass of F-Silica, and the
apparent viscosity of the suspension reached a minimum of 136.00 mPa-s at its addition of
0.40 g/60.00 g. From Figure 3b, it can be seen that by adding 0.40 g/30.00 g of F-Silica, the
dissolution time of 0.20% diluent was shortened from 22.00 min to 18.00 min. However,
the dissolution time was not further shortened by the addition of F-Silica more than
0.40 g/30.00 g. This is because with the addition of F-Silica, the overall structure of the
CPAM particles in the suspension was fluffier and easier to flow, but with the excessive
addition of F-Silica, the internal friction between particles increases, which makes it difficult
for the particles to slide into the suspension, thus increasing the apparent viscosity of the
suspension. The presence of F-Silica creates a barrier between the polymer’s fine particles,
which renders it more difficult to agglomerate in water and more conducive to dissolution.
F-Silica adsorbed on the surface of the polymer particles only plays a segregation role, and
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adding too much is not conducive to the diffusion of particles in water, so the amount of
F-Silica additives selected as 0.40 g/60.00 g was appropriate.
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Figure 3. Effects of F-Silica: (a) trend of the apparent viscosity of the suspension (at 50% effective
content of the suspension); (b) trend of dissolution time (dilution concentrations of 0.20% and 0.40%).

3.1.2. Effects of the Emulsifying and Dispersing Agent

In this study, WO was used as the solvent of the suspension, but WO could not
be dissolved in water, so it was necessary to add surfactants with hydrophilic and non-
hydrophilic groups to the suspension so that WO could be quickly dispersed and dissolved
in water, and at the same time, to promote the rapid diffusion of the polymer’s fine particles
in water.

Both the type and amount of surfactant added affect the emulsification and dispersion
of WO. In this study, 1.00 g/60.00 g of different types of surfactants was added to the
suspension and then the complete dissolution time of the suspension in water was tested;
the results are shown in Figure 4.
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Figure 4. Effects of emulsifying and dispersing agent: (a) dissolution time (dilution concentration of
0.40%); (b) synergistic effect of CTAB and Span 80 (dilution concentration of 0.40%).

As shown in Figure 4a, it can be seen that the emulsification effects of SDS and SDBS
on WO were not good, and they did not emulsify or disperse WO in water, resulting in no
improvement in the dissolution time of the suspension. Meanwhile, Tween 80 and Span 60
had some emulsification effect, which could accelerate the dissolution of the suspension to
a certain extent. The dissolution time of the suspension in water was obviously accelerated,
and the shortest dissolution time was 18.00 min. Since the use of OP emulsifiers is restricted
by relevant regulations due to their harmful effects on the environment [32], CTAB and
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Span 80 were used as the main and auxiliary emulsifiers for the suspension from the
perspective of environmental friendliness.

After Span 80/CTAB was added to the suspension at different mass ratios, the dis-
solution time of the 0.4% diluent was tested and the results are shown in Figure 4b. It
can be seen that when the mass ratio of Span 80:CTAB was 1:1, the apparent viscosity
of the diluent reached a maximum value of 11.00 mPa-s in the shortest time, which took
only 16.00 min. This is because under the synergistic effect of Span 80 and CTAB, after
the suspension was added to water, WO molecules wrapped around the surfaces of the
fine CPAM particles; they rapidly emulsified and dispersed in water because the sur-
faces of the polymer particles came into rapid contact with water molecules to achieve
rapid dissolution.

3.1.3. Effects of the Rheology Modifier

The density of the WO used in this study was about 0.85 g/cm?, while the density of
the CPAM particles was about 1.32 g/cm?, and the polymer particles added to the WO
directly settled, so it was necessary to improve the shearing force of the WO. In the field
of oilfield chemical drilling, bentonite is modified into organic bentonite (O-Bent), which
can be dispersed and swelled in WO to form a spatial network structure and increase
the viscosity and shearing force of oil-based drilling fluids (Figure 5d), which is used
to enhance the cutting transportation of drilling fluids [23-35]. Therefore, in this study,
different masses of O-Bent were first added to the suspension as a rheology modifier, and
then the rheology and separation rate of the suspension were tested. The experimental
results are shown in Table 3 and Figure 5.
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Figure 5. Effects of the rheology modifier: (a) suspension separation rate (centrifuged at 2000 rpm
for 30 min); (b) dissolution time (dilution concentration of 0.40%); (c) room temperature storage;
(d) mechanism of shear force enhancement.
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Table 3. Effects of the rheology modifier on the suspension.

Mass of
Rheology Rggp (dia) Rz (dia) AV (mPa-s) PV (mPa-s) YP (Pa)
Modifier (g)

0.00 203.00 104.00 101.50 99.00 2.50
0.20 230.00 120.00 115.00 110.00 5.00
0.40 251.00 132.00 125.50 119.00 6.50
0.60 274.00 147.00 137.00 127.00 10.00
0.80 296.00 162.00 148.00 134.00 14.00
1.60 >300.00 177.00 >150.00 >123.00 >27.00

As can be seen from Table 3, with the increase in the addition of O-Bent, the viscosity
and dynamic shear of the suspension were significantly improved, but when the mass of
the rheology modifier was 1.60 g/60.00 g, the suspension became gelatinous and difficult to
make flow. It was difficult for it to disperse after adding it to the water, which indicates that
the addition of a rheology modifier should be sparing. As can be seen from Figure 5a, when
the mass of the rheology modifier was 0.60 g/60.00 g, the suspension was able to be stored
for 7 days without separation, which indicates that when stored at room temperature, O-
Bent can provide a solvent with enough shear force so that the solvent can suspend CPAM
particles. When the mass of the rheology modifier was 0.80 g/60.00 g, the suspension
did not separate when stored at room temperature for 7 days, nor did it separate when
centrifuged at 2000 rpm for 30 min, but the apparent viscosity of the suspension was higher.
The diffusion of the suspension was slower after the drop was added to the water, resulting
in a longer time for the complete dissolution of the suspension in the water (as shown in
Figure 5b), and given the comprehensive consideration of its stability and dissolvability,
the mass of the rheology modifier being 0.60 g/60.00 g was more appropriate.

As can be seen from Figure 6, the size of most polymer particles in the suspension
was <100 pm and the polymer particles were uniformly distributed in the suspension,
with obvious boundaries between the particles. Furthermore, there was no aggregation
of the particles to precipitate, which indicates that the rheology modifier played a role in
improving the shear force, so that the suspension had enough shear force to suspend the
polymer particles. In addition, it is obvious that there were many fine particles attached
to the surface of the polymer particles, which indicates that the separating agent F-Silica
was indeed adsorbed at the surface of the polymer particles, making the polymer particles
dispersed from each other.

Figure 6. Image of the suspension under an optical microscope: (a) 200x magnification;
(b) 400 x magnification.
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Considering all these influencing factors, the proportions of each component of the
suspension were obtained as shown in Table 4, and the suspension prepared according
to these proportions can have good suspension stability and be completely dissolved in a
short time.

Table 4. Percentages of components in the suspension.

Function Component Mass (g) Percentage (%)
Flocculant CPAM fine powder 32.00 50.00
Solvent #5WO 30.00 46.87
Separating agent F-Silica 0.40 0.63
Emulsifying and Span 80 0.50 0.78
dispersing agent CTAB 0.50 0.78
Rheology modifier O-Bent 0.60 0.94

3.2. Comparison of the Products” Performance
3.2.1. Comparison of the Dissolution Performance

In this study, original particles of CPAM, fine particles of the CPAM crushed to a
100 mesh, and a 50% content of CPAM suspension were prepared at different concentrations

of diluent. The rheology and complete dissolution time of the diluents were tested, and the
results are shown in Table 5.

Table 5. Comparison of dissolution performances of different samples.

CPAM Sample ~ Concentration ,y ( p.s) PV (mPas)  YP (Pa) Dissolution
(%) Time (min)
Orivinal 0.10 6.50 6.00 0.50 64.00
argﬁde 0.20 12.00 12.00 0.50 96.00
p 0.40 30.00 28.00 2.00 Fish-eye, 120.00+
0.10 5.00 6.00 0.00 Fish-eye, 86.00
Fine particle 0.20 10.00 9.00 1.00 Fish-eye, 120.00+
0.40 27.50 26.00 1.50 Fish-eye, 120.00+
Suspension 0.20 5.50 5.00 0.50 12.00
(1;00/ ) 0.40 10.50 10.00 0.50 16.00
° 0.80 29.00 27.00 2.00 22.00

As can be seen from Table 5, CPAM fine particles easily form a “fish-eye” and are
difficult to dissolve in water no matter how much concentrated diluent is prepared; at
0.40% diluent, the AV value began to decline, but the formed “fish-eye” still failed to
dissolve completely. The original CPAM particles started to resemble a “fish-eye” when the
concentration reached 0.40%, making the dissolution time more than 120.00 min; benefiting
from the liquid form of the product, the CPAM suspension can be quickly dispersed in
water, and the CPAM particles have a smaller particle size, so the dissolution time is greatly
shortened (0.20% diluent dissolved in 12.00 min). Since the CPAM suspension needs to
be mechanically refined during the preparation process, this process will break part of
the molecular chain of the linear polyacrylamide, which will lead to a certain degree of
viscosity decrease in the diluent. In the preparation of 0.20% CPAM diluent, compared
with the original particles, although the apparent viscosity of the suspension decreased
by 12.50%, the dissolution time could be shortened by 83.33%, and did not produce a
“fish-eye”; the decrease in apparent viscosity was worthwhile.

3.2.2. Comparison of Flocculation and Water Purification Performance

In this study, we prepared original CPAM particles into a diluent with a concentration
of 0.10%; the CPAM suspension, into a diluent with a concentration of 0.20%; and the
inorganic flocculant PAC, into a diluent with a concentration of 10.00%. Then, the prepared
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Turbidity Removal Rate (%)
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diluent was added to the simulated wastewater and oilfield wastewater according to
different dosing amounts, the turbidity before and after dosing was tested, and then the
turbidity removal rate was calculated, as shown in Figure 7.
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Figure 7. Comparison of flocculation and water purification performance of different products:
(a) simulated wastewater (organic polymer flocculant, dilution concentrations of 0.20%); (b) simulated
wastewater (inorganic flocculant, dilution concentrations of 10.00%); (c) oilfield wastewater (dilution
concentrations of 0.20%); (d) water purification effect.

As can be seen from Figure 7a, for the diatomite-simulated wastewater, the best turbid-
ity removal effect was achieved at a polymer dosing of 4.00 ppm, and the turbidity removal
effects of the original CPAM original particles and the CPAM suspension were basically the
same, with optimal turbidity removal rates of 99.60% and 99.50%, respectively. Conversely,
the inorganic flocculant PAC at a 140.00 ppm dosage showed the best turbidity removal
effect for simulated wastewater and the turbidity removal rate was 98.40% (Figure 7b),
which was lower than the CPAM suspension. For the oilfield wastewater (Xing-1 combined
wastewater treatment station), the turbidity removal rate of the CPAM suspension was
higher than that of the original CPAM particles under the same polymer dosage, with the
optimal turbidity removal rate of the CPAM suspension being 35.60%, and that of the origi-
nal CPAM particles, being 28.40% (Figure 7c). When the dosage of the CPAM suspension
was 1.5 times the optimal dosage of the original CPAM particle, the turbidity removal rates
were basically the same, with 28.40% and 28.20%, respectively. This is due to the addition of
cationic surfactants in the suspension, as cationic surfactants can assist the polyacrylamide
adsorption of suspended particles in wastewater through electrostatic action, whereby the
more negatively charged suspended particles are in wastewater, the more pronounced
is this auxiliary flocculation effect [36]. As shown in Figure 7d, for the oilfield wastew-
ater from the Xing-1 combined wastewater treatment station, the wastewater with the
addition of the CPAM suspension was obviously clearer and brighter than that with the ad-
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dition of the original CPAM particles, and the flocs aggregated out of the wastewater were

obviously larger.

3.2.3. Comparison with Other Study

In this study, we compared the performances of a CPAM suspension with the current
liquid CPAM study of the same type, and the results are shown in Table 6.

Table 6. Comparative data from the CPAM suspension and other studies.

CPAM Samole Effective Molecular Mass Dissolution Apparent Market Price
P Content (%) (million) Time (min) Viscosity (mPa-s) (CNY/t)
Particle 100.00 12.32 96.00 - 15,000.00
Suspension 50.00 11.57 16.00 136.00 11,500.00
Water-in-oil emulsion [25] 28.10 4.50~6.50 10.00 321.00 -
Water-in-water emulsion 30.00 0.35 6.00 108.00 30,000.00

(a Chinese brand)

As can be seen from Table 6, the effective content of the suspension can reach 50.00%,
which is higher than the emulsion-type CPAM (28.10% and 30.00%, respectively); although
the emulsion-type CPAM has the advantage of a better dissolution speed, due to its
preparation process being more complex, the high requirements for its instrumentation,
and its subsequent preparation cost being high, the market price of the emulsion with
a content of 30% is about CNY 3000.00/t, while the market price of the 50% content
suspension is about CNY 11,500.00/t, so the CPAM suspension is more cost-effective.

3.3. Application
3.3.1. Background of the Wastewater Station

We conducted a scale-up test and produced 108.00 kg of CPAM suspension, which was
applied to the wastewater treatment station of Daqing Bluestar Environmental Protection
Engineering Co., and the wastewater treatment process at the wastewater station is shown
in Figure 8.
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Figure 8. The wastewater treatment process for the wastewater station.

As shown in Figure 8, there is a buffer pool in the wastewater station for buffering
incoming water, with a design volume of 150 m3, steel mixed structure, internal corrosion,
and seepage prevention, with a mud hopper at the bottom and oil scraping equipment on
the surface of the pool. There are two advection sedimentation pools, the sedimentation
part of the effective water depth is 3.0 m, the sedimentation part of the effective volume is
270 m?, the pool length is 20.0 m, and the pool width is 4.5 m. The sludge tank volume is
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35 m?, the internal setup consists of a scum scraper and sediment scraper, and the sludge
discharge mode for the use of the bottom of the sludge pump involves a sludge hopper
that emits intermittent sludge discharge. There are two air flotation machines in the station,
and the displacement of the air flotation machine lifting pump is 50 m®/h. The CPAM
suspension flocculant diluent is added at the inlet of the air flotation machine. After the
suspended matter in the wastewater is flocculated, the flocculant will float and be scraped
away by the scum scraper at the top of the air flotation machine. There are eight secondary
gravity filtration pools, the effective volume of the sedimentation part is 216 m3, and the
length, width, and height of the tanks are all 3.0 m.

3.3.2. Application Effects

The CPAM suspension with a concentration of 1.20% added to a 500 L dosing tank for
dilution, with stirring for 20 min to fully dissolve it, and then use of a dosing pump with a
displacement of 500 L/h of dosing. The specific dosing parameters are shown in Table 7
and the field dosing equipment is shown in Figure 9.

Table 7. Dosing parameters.

Wastewater Dosing
CPAM Sample Treatment Concentration Daily Dosage (kg)  Dosing Days (d) Total Dosage (kg)
Capacity (m3/d) (mg/L)
Particle 60.00 18.00 1 18
Suspension 300.00 120.00 36.00 3 108

Figure 9. Field dosing situation: (a) CPAM particle dosing tank; (b) CPAM suspension dosing tank;
(c) CPAM suspension for dilution; (d) after full dissolution.

As can be seen from Figure 8, the CPAM suspension dissolved very well in the dosing
tank, at a concentration of 1.20%, the suspension could be uniformly dispersed in the water,
and it could be completely dissolved within 20 min, without a “fish-eye” situation. We
observed the flocculation of the wastewater in the air flotation machine before and after
dosing, as shown in Figure 9. After the completion of dosing, wastewater samples were
taken at the outlet to test their turbidity and oil content, and the experimental results are
shown in Table 7.
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As can be seen from Figure 10, in the air flotation machine, no obvious flocs were
floating in the wastewater before dosing, while after dosing, the wastewater had obvious,
large, and dense floating flocs; in the air flotation machine outlet, the wastewater in the
bottle after dosing was significantly clearer, and there was an obvious layer of flocs settling
at the bottom of the bottle. From Table 8, it can also be seen that after treatment with
the CPAM suspension flocculant, the turbidity and oil content of the wastewater were
significantly reduced, the turbidity was reduced from 1126.00 NTU to 554.62 NTU (turbidity
removal rate of 50.74%), and the oil content was reduced from 68.55 mg/L to 20.36 mg/L
(oil removal rate of 70.30%). Meanwhile, after treatment with CPAM particles, the turbidity
of the wastewater was reduced to 756.23 NTU (turbidity removal rate of 32.84%), and the
oil content was reduced to 27.24 mg/L (oil removal rate of 60.26%), which indicates that
the flocculation and oil removal effects of the CPAM suspension on wastewater were better
than those of the CPAM particles.

Figure 10. Wastewater before and after field dosing: (a) wastewater in the air flotation machine
before dosing; (b) wastewater in the air flotation machine after dosing; (c) wastewater at the outlet
before dosing; (d) wastewater at the outlet after dosing.

Table 8. Wastewater quality indicator testing.

Wastewater Sample Turbidity (NTU) Oil Content (mg/L)
Original 1126.00 68.55
After adding CPAM particles 756.23 27.24
First day 536.21 18.36
After adding CPAM Second day 569.32 22.68
suspension Third day 558.34 20.04
Average 554.62 20.36

4. Conclusions

A CPAM suspension prepared from CPAM solid particles can reach an effective
content of 50%, apparent viscosity of 136.00 mPa-s and show no separation after 7 days
of storage at room temperature, as well as no separation after 30 min of centrifugation at
a speed of 2000 rpm. When diluted in a 0.40% aqueous solution, compared with CPAM

94



Polymers 2024, 16, 151

solid particles, its apparent viscosity decreased by 12.5%, while its dissolution time was
shortened by 81.40%, which was only 16.00 min.

The optimal composition ratio of the CPAM suspension was 50.00% CPAM fine
powder, 46.87% oil phase solvent, 0.63% separating agent, 1.56% emulsifying and dispersing
agent, and 0.94% rheology modifier.

The best turbidity removal rate of the CPAM suspension for diatomite-simulated
wastewater was 99.50%, slightly lower than the CPAM solid particles of the best turbidity
removal rate of 99.60%, but better than the inorganic flocculant PAC’s best turbidity
removal rate of 98.40%. The best turbidity removal rate of the CPAM suspension for
oilfield wastewater was 35.60%, which is better than the best turbidity removal rate of the
CPAM solid particles at 28.40%; when an additional amount of CPAM suspension was
1.5 times the additional amount of CPAM solid particles, the same turbidity removal and
purification effect could be achieved.

In the scale-up test, the CPAM suspension, formulated with a 1.20% concentration,
could be completely dissolved within 20 min; the CPAM suspension was superior to
the CPAM particles in flocculation and the oil removal of wastewater, with the turbidity
removal rate of the CPAM suspension being 50.74% and the oil removal rate being 70.30%,
while the turbidity removal rate of the CPAM particles was only 32.84% and the oil removal
rate was 60.26%.
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Abstract: Heavy metal contamination in water resources is a major issue worldwide. Metals released
into the environment endanger human health, owing to their persistence and absorption into the
food chain. Cadmium is a highly toxic heavy metal, which causes severe health hazards in human
beings as well as in animals. To overcome the issue, current research focused on cadmium ion
removal from the polluted water by using porous magnetic chitosan composite produced from
Kaphal (Myrica esculenta) leaves. The synthesized composite was characterized by BET, XRD, FT-IR,
FE-SEM with EDX, and VSM to understand the structural, textural, surface functional, morphological-
compositional, and magnetic properties, respectively, that contributed to the adsorption of Cd. The
maximum Cd adsorption capacities observed for the Fe304 nanoparticles (MNPs) and porous
magnetic chitosan (MCS) composite were 290 mg/g and 426 mg/g, respectively. Both the adsorption
processes followed second-order kinetics. Batch adsorption studies were carried out to understand
the optimum conditions for the fast adsorption process. Both the adsorbents could be regenerated for
up to seven cycles without appreciable loss in adsorption capacity. The porous magnetic chitosan
composite showed improved adsorption compared to MNPs. The mechanism for cadmium ion
adsorption by MNPs and MCS has been postulated. Magnetic-modified chitosan-based composites
that exhibit high adsorption efficiency, regeneration, and easy separation from a solution have broad
development prospects in various industrial sewage and wastewater treatment fields.

Keywords: adsorption; cadmium removal; chitosan; MNPs; wastewater treatment

1. Introduction

Water is the main component for the survival of all living organisms. However, it is
gravely endangered due to the massive amount of pollution caused by domestic, industrial,
and agricultural actions. Water scarcity and quality have emerged as major issues for
long-term development [1,2]. Many water contaminants, including organic and inorganic
constituents, have been mentioned in the literature [3]. Heavy metal-contaminated water
bodies pose serious problems owing to their toxic behavior and bioaccumulation [4-7].

Cadmium is one of the non-essential heavy metals that is regarded as highly noxious
and carcinogenic due to its non-biodegradability and ability to bioaccumulate in the
environment. It is classified as a human carcinogen by the Environmental Protection
Agency, (EPA), US, with a maximum permissible limit of 0.005 mg/L in drinking water [8].
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Various methods for removing Cd (II) from the aqueous environment that is often
used include chemical precipitation, membrane treatment, ion exchange, electro-dialysis,
membrane flotation, electrochemical methods, ultra-filtration, etc. [9]. However, these
processes, have several limitations, including lower effectiveness, high energy require-
ments, expensive disposal, and incomplete removal. Adsorption is extensively used for
wastewater treatment due to its, quick response, low cost, simple operation, absence of
sludge production, and reusability [10-12].

Various types of adsorbents have been used to remove Cd from wastewater. Among
them, natural polysaccharide polymers, particularly chitosan, and its derivatives, have
gained the attention of researchers owing to their renewable nature, sustainability, and
adsorption efficiency [13-15]. Chitosan (CS), which is formed by the deacetylation of
chitin, is present in the shells of crustacean crabs and shrimps, insect carapaces, and fungal
and plant cell walls. CS, as one of nature’s most abundant biopolymers, has sparked
widespread scientific interest due to its low cost, non-toxicity, inadequate hydrophilicity,
biocompatibility, and biodegradability. It has many functional groups, including -NHj
and -OH, which facilitate good sorption of heavy metal ions. Raw chitosan, like many
other widely used materials, cannot be efficiently separated from aqueous medium using
traditional separation methods. As a result, attempts have been made to recycle CS by
combining it with magnetic nanoparticles [16,17]. Because magnetic chitosan composites
benefit from both chitosan (excellent adsorption performance) and magnetic material (easy
magnetic separation), combining CS with a magnetic component is an effective way to
address the above-mentioned inadequacies [18,19].

Due to their high chelating capacity and ease of magnetic separation, porous magnetic
chitosan (MCS) material has been considered an efficient adsorbent for Cd removal [20].
A schematic representation of the application of MCS for the adsorption of Cd (II) and
the reuse of the adsorbent is provided in Figure 1. The combination of MNPs and CS
successfully excludes chitosan’s inherent drawbacks for application as an adsorbent, and
its separation and reuse. Furthermore, the -OH groups on the surface of MNPs can form a
hydrogen bonding network with chitosan by interacting with its -OH and -NH, groups.
As a result, the stability and integrity of the composite are retained even under acidic
or alkaline environments [21]. Various chitosan-based materials were synthesized with
magnetic NPs because of their lower internal diffusion resistance and higher specific
surface area. MNPs, on the other side, get easily oxidized in air and are chemically active
resulting in aggregation and loss of magnetism. Because of their small size, these NPs
cause secondary contamination. Magnetic cores with larger sizes, on the other hand, can
aid in the magnetic separation process [22]. Porous Magnetic chitosan composites have
been used extensively and successfully to eliminate pollutants such as dyes, heavy metal
ions, and other organic contaminants.

Desorption

MCS Adsorption Magnetic separation

; :‘ — MCS NH,
. @ =caan

Figure 1. Systematic illustration of magnetic chitosan composite for Cd(II) removal.
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During the modification process, functional groups such as hydroxyl and carboxyl
groups increased. Various studies are performed for the removal of Cd (II) by magnetically
modified material, and the results showed that after the material was magnetically modified,
the pH value, specific surface area, and polar oxygen-containing functional groups all
increased, resulting in a saturated adsorption capacity. The mechanism of MCS to remove
Cd is surface complexation and electrostatic adsorption. The strong affinity of iron oxide
for Cd can enhance the complexation between them.

Plant extracts have been proposed as an easy and convenient alternative to chemical
and physical methods for the preparation of metallic nanoparticles and their composites in
recent years owing to the concerns of sustainability and environmental deterioration using
conventional non-renewable sources. MNPs are one of these nanoparticles that have caught
the interest of many researchers. Myrica esculenta leaf extract contains a variety of bioactive
phytoconstituents, including phenolic compounds, glycosides, alkaloids, triterpenoids, and
volatile oils [23].

To the best of our knowledge, there has not been much research done to assess the
effectiveness of magnetic chitosan employing leaf extract of Myrica esculenta (Kaphal) for
removing cadmium from aqueous solutions. Therefore, our aim is to develop a green
synthetic process to produce chitosan—Fe304 composite using Myrica esculenta leaf extract
as a reducing agent. This has resulted in the development of a novel porous magnetic
chitosan composite in the present work that turned out to be an efficient material for Cd
(II) ion removal. The MCS composite as well as the Fe;O4 nanoparticles were characterized
using XRD, BET sorptometry, FT-IR, FE-SEM, EDX, and VSM for evaluating their physico-
chemical properties and also for determining the effect of such properties on the adsorption
process parameters, namely, contact time, pH, adsorbent dose, and initial concentration of
the analyte (Cd?*). The potential of MNPs and magnetic chitosan composite as potential
adsorbents for Cd (II) was further probed using kinetic models and adsorption isotherms.
Moreover, the reusability of the composite was investigated up to seven cycles.

2. Materials and Method
2.1. Materials

FeCl,-4H,0, Chitosan (degree of deacetylation > 95%; viscosity: 100-200 mPa.s),
FeCl3-6H,0O, and acetic acid (CH3COOH), used during the preparation for adsorbents
were of analytical-grade and were procured from Sigma Aldrich (St. Louis, MO, USA). Cd
(NO3),-4H,0 was purchased from E. Merck, Mumbai, India. All aqueous solutions for
the adsorption studies were prepared using Millipore Milli-Q® ultrapure water (Jaipur,
Rajasthan). As Cd (II) has been chosen as the model contaminant in this investigation,
a solution of Cd (II) of desired concentrations was prepared and used as an adsorbate
solution. Dried Kaphal leaves were sourced from the farmlands of Uttarakhand.

2.2. Preparation of Aqueous Leaf Extract of Myrica esculenta (Kaphal)

To remove any pollutants, the Kaphal leaves were thoroughly washed with distilled
water after being collected from the highlands of Uttarakhand, India. The leaves were
manually cut into little pieces, air-dried for a week at room temperature, and then manually
ground in a home kitchen grinder; 4 g of the resulting fine powder was then added
into double-distilled water and stirred at 70 °C for 45 min. It was then filtered, and the
filtrate was stored at 4 °C (Figure 2). The synthesis process for Fe3O4 nanoparticles and
Fe304/Chitosan Composite is shown in the Supplementary file.

2.3. Characterization of the Adsorbents

The XRD of the MNPs and the CS composite were recorded on (Bruker D8 Discover
X-ray Diffractometer, Karlsruhe, Germany) using Cu K« radiation. The XRD pattern was
recorded in the 20 range of 10° and 70°.

By using a surface area analyzer N, adsorption desorption studies were carried out
on Quantachrome Autosorb iQ Surface Analyzer, CIQTEK, Hefei, China). For the analysis
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of the surface area, the samples were first degassed for 3.0 h to remove volatile gases and
were then placed in a surface area analyzer for N, adsorption-desorption.

e )

Kaphal leaves Stirring at 70 °C Plant Extract

Figure 2. Preparation of plant extract of Myrica esculenta (Kaphal).

A Perkin-Elmer FI-IR spectrometer was used to record the FTIR spectra. A spectrum
of the adsorbents in the range of 400-4000 cm ™! to characterize the nature of chemical
bonding and the type of surface functional group.

FE-SEM was used to investigate the morphology of MNPs and MCS composites
as well as their elemental composition. FE-SEM equipped with EDAX (FEI QUANTA
FEG250, Oregon, OH, USA) and an INCA Energy X-MAX-50, Oregon, OH, USA) was em-
ployed to characterize the morphology and chemical composition of the adsorbents used in
the study.

A LakeShore 7404 (Lakeshore cryotronics, Westerville, OH, USA) vibrating sample
magnetometer was used to determine the magnetization properties of the adsorbents. The
magnetic sample is positioned on the sample holder and placed between the electromag-
netic poles, normally horizontally, for VSM measurement.

2.4. Batch Adsorption Studies for the Adsorption of Cd (1I) Using MNPs and Chitosan/Fe3Oy
Composite as Adsorbents

To study the optimal adsorption performance and investigate the adsorption mecha-
nism, batch adsorption experiments were performed. Different parameters were examined
in fixed ranges, including, adsorbent dose (0.01-0.1 g), pH (2-11), temperature (303, 313,
and 323 K), contact time (5-50 min), initial metal concentration (10-100 mgL_l), and ad-
sorption/desorption studies, to better understand the potential of MNPs and MCS as
adsorbents for Cd (II). The Cy (initial concentration) values were used to conduct the
adsorption isotherms. After the adsorption process, atomic absorption spectroscopy was
utilized to examine the heavy metal ion concentration remaining in the filtrate. The removal
effectiveness (%) and equilibrium adsorption capacity (qe) of the adsorbents, namely, MNPs
and MCS composite. For Cd (II) was given by Equations (1) and (2).

(Co — Ce) x 100

c M

% Adsorption =

(CO —Ce) x V
m

()

where, V is the volume of metal ion solution, m is the mass of adsorbent dose, Cj is the
initial metal ion concentrations, C, is the residual Cd (II) ion concentration, and qe is the
adsorption capacity at Ce, respectively.

Adsorption Capacity(q,) =

100
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3. Result and Discussion
3.1. Adsorbent Characterization
3.1.1. X-ray Diffraction

To understand the chemical and physical structure of the magnetic particles encapsu-
lated in the CS matrix, X-ray diffraction (XRD) is a highly valuable technique. Figure 3a,b
represent the XRD patterns of MNPs and porous MCS composite. The crystalline phase of
magnetic NPs and porous magnetic chitosan composite were analyzed by XRD.

FacS — = MCS = - B
Fe304 = = = i~ ar 3
- Fe304-Cd| | & o w T — MCS-Cd _ < 8 g w N3
= Q ) -+
> P ~ ~
2 < I g
= ) =
g )
2 ~ 2
3 =| — B 3
- o = —
= § 7T § §g 3 E
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20 (degree) 20 (degree)

Figure 3. XRD spectra for (a) MNPs [before and after Cd (II) adsorption], (b) Porous MCS adsorbent
[before and after Cd (II) adsorption].

The diffraction peaks at 26 values of 30.2°, 35.6°, 43.2°, 53.6°, 57.2°, and 62.9° corre-
spond to the (220), (311), (400), (422), (511), and (440) planes of MNPs (JCPDS file number
01-075-0033) [24]. These peaks closely resemble the standard XRD pattern of Fe3Oy4. Thus,
the XRD pattern demonstrated the formation of magnetic particles. Diffraction peaks at
26 values in the range of 21° to 28° were attributed to amorphous chitosan (Figure 3b).
Moreover, the peaks typical of Fe;O, were also present in the composite as expected [25].

3.1.2. BET Sorptometry for Evaluating the Textural Properties of Adsorbents

N, gas adsorption-desorption isotherms were observed in the relative pressures (p/po)
values ranging from 0 to 1 to estimate the surface area and porosity values of the synthesized
adsorbents. BET sorptometry was performed to investigate the average pore radius, surface
area, and pore volume of the material. About 25.0 mg of material was degassed at 300 °C
for analysis. According to IUPAC standards, the N, adsorption-desorption isotherms are
Type 1V, which agrees with the mesoporous nature of the composite [26]. The surface area
and total pore volume of MNPs and MCS were 105 m?/g, 173 m? /g, and 0.3410 cc/g, and
0.4305 cc/g, respectively (Table 1). The Langmuir surface area of the MNPs and MCS was
201.084 m?/g and 536.934 m? /g, respectively (Figure 4). Thus, the higher surface area is
responsible for the higher adsorption capacity of porous MCS compared to MNPs.

Table 1. Surface parameters of MNPs and MCS adsorbents before cadmium adsorption.

Parameters MNPs MCS
BET specific surface area (m?/g) 105 173
Langmuir surface area (m?/g) 201 537
Average pore size (A) 64.36 49.77
Total pore volume (cc/g) 0.3410 0.4305
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Figure 4. N, sorption isotherm of (a) MNPs, (b) MCS composite.

The Langmuir curve and BET multipoint of MNPs and porous MCS are expressed in
detail in the Supporting Information (Figure S3).

3.1.3. Fourier Transform Infrared (FT-IR) Spectroscopy

For understanding the nature of chemical bonding and the kind of surface functionali-
ties the adsorbents used in this study were examined using FI-IR spectroscopy. The FI-IR
spectra of chitosan and MNPs are shown in Figure 5a. Likewise, the FT-IR spectra of the
MCS composite before and after the adsorption process are shown in Figure 5b.
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Figure 5. TIR spectra for (a) Chitosan and Fe3O4 nanoparticles, (b) MCS adsorbent [before and after
Cd (II) adsorption].

The absorption bands in the range of 3200-3400 cm ! corresponded to N-H and O-H
stretching vibrations of CS (Figure 5a). The bands at 2922 cm~! and 2861 cm ™! were due to
the C-H symmetric and unsymmetric stretching vibrations of the -CH, groups in CS. The
-NH deformation, C-N axial deformation, -CH3 bending vibration, and stretching vibration
of C-O-C in the chitosan structure appeared at, around 1413, 1367, and 1021 cm~!. The
existence of chitosan in the composite and its structural integrity was confirmed by the
appearance of peaks at 1652 cm~! and 1550 cm ™!, which corresponds to the N-H bending
vibration of primary amine [27].

The absorption bands characteristic of MNPs were observed in the FI-IR spectrum
(Figure 5a). Metal oxygen bonds typical of MNPs were observed in the range of 400 and
850 cm 1. The absorption band at 546 cm ! was attributed to the Fe-O stretching vibration
of MNPs. This band is very sharp and has strong intensity, indicating the crystallinity of the
sample. The broad bands around 3404 cm ! and 1612 cm ™! were due to the O-H stretching
vibration of surface-adsorbed water molecules. The band located around 1388 cm™!
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and 1076 cm~! were attributed to the unsymmetric and symmetric stretching vibrations
of COO- [28].

Similar peaks were observed in the FI-IR spectrum of the MCS composite. In addition,
some specific bands correspond to the original formation of new bonds between chitosan
and Fe3O4 and some bands of chitosan have moved slightly from their original positions
owing to atomic-level interactions between chitosan and MNPs. In the FT-IR spectrum
of the MCS composite (Figure 5b), specific bands were observed at 3370 cm ! which was
attributed to N-H stretching vibration. The band at 1652 and 1550 cm ! was attributed to
C=0 stretching vibration in the CS, for the N-H scissoring from the primary amine due to
free amino groups in the CS and was compared with the standard chitosan [29]. The peak
at 552 cm~! for the Fe-O group was due to bare magnetic nanoparticles. This spectrum
(Figure 5b) unambiguously showed the presence of both CS and MNPs in the compos-
ite [30]. The NMR spectrum of Myrica esculenta leaf extract has been already discussed
by Nguyan et al. [31].

3.1.4. FE-SEM-EDX

FE-SEM was used to find out the morphology of MNPs and MCS composite, and
EDAX was utilized to determine the elemental composition. SEM and EDX images of both
the adsorbents were displayed in Figure 6 (EDX result shown in Figure S4). Spherical-
shaped particles with agglomeration were observed in synthesized magnetic NPs (Fig-
ure 6a) as well as MCS (Figure 6b) composite in the FE-SEM images. Fe3O4 NPs exhibited
a smooth surface, and the particles had an irregular shape, as observed in Figure 6a. In
Figure 6b, the FE-SEM image of MCS was shown to exhibit a rough, granular surface after
chitosan was bonded to Fe;04. Agglomeration of the particles on the surface of the com-
posite cannot be ruled out [32]. EDX spectra of the Fe3O4 sample confirm the presence of
iron (Figure S4). The EDX spectra of MNPs and MCS are shown in Supporting Information
(Figure S4). The mass percentage of carbon in MCS composite is higher than in MNPs,
which proved MCS composite had lesser hydrophilicity properties.
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Figure 6. FE-SEM image of (a) MNPs, and (b) MCS composite.

3.1.5. Vibrating Sample Magnetometer Study for Evaluating the Magnetic Property
of the Adsorbents

To evaluate the adsorbents” magnetic properties, VSM (Vibrating-sample magnetome-
ter) tests were utilized [20]. The magnetic properties of investigated magnetic materials
were studied by measuring the magnetization curves (Figure 7). The results showed
that all magnetization curves pass through the origin, which indicated that there was
no residual magnetization occurring in test samples and these materials have super-
paramagnetism [33]. By changing H between O, +10,000 and —10,000 O, magnetization
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hysteresis was produced. MNPs had a saturation magnetization of 55.070 emu/g. The sat-
uration magnetization of MCS decreased to 24.186 emu/g after the formation of composite
between MNPs and chitosan, indicating that the adsorbent was still super-paramagnetic
and that it would be easier to separate the adsorbent from solution by gravity and mag-
netism within a short period of time [34]. The lower M; value for MCS could be explained
by the quenching of surface magnetic moment in the material owing to the presence of
non-magnetic species, such as CS as expected [35]. Even though MCS’ saturation magneti-
zation value was obviously lower than that of MNPs, the application of a magnet allowed
the adsorbent to immediately aggregate and to be separated in the 20 s [32].
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Figure 7. Magnetization curves of the Fe3O4, MCS composite, and MCS composite after Cd (II)
adsorption.

3.2. Adsorption Experiments
3.2.1. Study of Kinetics of Adsorption of Cd (II) onto the Adsorbents, MNPs,
and MCS Composite

To find out the appropriate rate expression and adsorption mechanism, the adsorption
kinetics was examined [36]. Several models were examined for the adsorption of contam-
inants in water onto the surface of adsorbents and also to identify the main mechanism
of such adsorption process and the kinetics of adsorption [37]. Adsorption kinetics was
investigated in this work by fitting Lagergren’s pseudo-first-order (PFO) and Ho’s second-
order models. The adsorption process was determined using the Elovich and intra-particle
diffusion (IPD) models [38].

The PFO kinetic model represents weak interaction between sorbate and sorbent pre-
dominantly proceeding via physisorption. The PFO kinetic model is represented below [39]

In(ge — qi) =Inqe — k; x t 3)

PSO kinetic model is based on chemisorption. Pseudo—second order kinetics is repre-
sented as [40].
t/qe=1/(ka X qe) + t/qe 4)

The IPD model is given by Equation (5).
qt:kidx\/t+C (5)
The Elovich model is specified by Equation(6).

qe=(1/p)In(x x B x t)+(1/B) Int (6)
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where, k; (min~!) and k; (g/mg/min) are the rate constants of PFO and PSO,
kiq—intraparticle diffusion rate constant (mg/(gmin~"?)), constant C is the y-intercept,
« is the initial rate of adsorption, 3 is the desorption constant [41].

Four kinetic models were studied, and the kinetic parameters deduced from various
models are summarized in Table S1 [42,43].

From the R? analysis of kinetic models, the best-fitted model for Cd (II) adsorption
on MNPs at 50 mg/L was Elovich, and at 100 mg/L was IPD. Also, from the R2 analysis
of kinetic models, the PSO model was the best fit for MCS. The pseudo-second-order
model’s correlation coefficient (R?) was observed to be significantly greater than other
models employed for MCS adsorbent, which means that the mechanism of adsorption was
governed by this model (Figure 8).

0.26
@ MCS-100 mg/L.
61 % MCS-50 mg/L 0.24 1 .
©® MNPs-100 mg/L} 0'22 Jd :
4 » MNPs-50 m 2
° 0.209 i
3 21 0.18- ¢
L ool = 0.161
S =
~ 0.14 1
=
= 21 0.12 o~
41 0.101 _— 3
0.081h) s o MCsSImgt
61 0.06 1 B biire gt
0 0 20 30 40 50 20 25 30 35 40 45 50
Time (min.) Time (min.)

Figure 8. (a) PFO and (b) PSO for MNPs and MCS composite.

3.2.2. Adsorption Isotherm Models

Adsorption isotherms describe how adsorbents and adsorbates interact in aqueous
media at the attained saturation point. The most popular isotherm models, including Lang-
muir, Freundlich, Dubinin—-Radushkevich, and Temkin isotherm models, were utilized.

The Langmuir isotherm is characterized by single-layer sorption onto a surface with
countless open sites without interaction between the adsorbate molecules under the as-
sumption that the material is regular and homogeneous. The model’s primary problem
is its assumption that the energies of the adsorbent sites at each location are uniform.
Equation (7) describes the Langmuir isotherm’s linear for [44]

1 B 1 " 1
9e Ky Cj.maxCe Imax

@)

where qmax represents the material’s maximum adsorption capacity, and Ky, is the Langmuir
adsorption constant (L/mg) representing the attraction of binding sites [45].

Ry, the dimensionless constant separation factor is employed to express the important
characteristic of the Langmuir isotherm:

1

RL=-—
LT 14 KG

The value of Ry, shows whether the adsorption isotherm is favorable, linear, or unfa-
vorable. The value of Ry, was found in the range of 0.0717-0.898 for the MCS composite.
This shows the efficient interaction between the MCS composite and cadmium ions [46].
Figure 9a shows the Langmuir plot for MNPs and MCS composite. The values of K;, and
Jmax are calculated using the slope and intercept of the linear regression plot of 1/Ce vs.
1/qe, which also provides the R? value, which indicates how well the experimental results
correspond with the mathematical isotherm model.

105



Polymers 2023, 15, 4339

5.6
0.016 +
5.4 a
0.014 -
0.012 1 521
%) 5
S 0.0104 o 5.0
a =
0.008 1 * MCS-303 K 4.8 1 T
i o MCS-313K ® MCS313K
0.0064 » MCS-323 K » MCS-323K
= MNPs-303 K 4.6 4 W MNPs-303 K|
MNPs- 313 K| MNPs-313 K]
0.004 4 & MNPs-323 K| (b) L ©® MNPs-323K
00 05 1.0 15 20 25 30 35 -0.2 0.0 02 04 0.6 08 1.0 1.2 14 1.6 1.8
1/ Ce In Ce

Figure 9. (a) Langmuir, (b) Freundlich curves for Fe304 and MCS composite as adsorbents for Cd (II)
at different temperatures.

If adsorption happens on heterogeneous surfaces, the Freundlich adsorption isotherm
is an empirical equation that is utilized to describe multilayer (physisorption) adsorption
as well as monolayer (chemisorption) [42].The linearized Freundlich isotherm equation is
explained by Equation (8).

1
Logq, = logKg + Hlog Ce 8

where Ky is the Freundlich constant of the adsorbent, and n is the adsorption intensity
of the adsorbent. 1/n is the adsorption intensity which signifies the heterogeneity of the
adsorbent sites as well as the relative distribution of energy. Kr and n are dimensionless
constants. The value of n > 1 and 1/n < 1 indicates the favorable condition for adsorption.
In this study, the value of n ranged between 1.075 and 1.222 which is greater than 1 for
MCS composite, indicating favorable adsorption. The graph of InC.Vs Inqe gives a straight
line with intercept K and slope 1/n as shown in Figure 9b. The R? values are 0.97, 0.95,
and 0.97 for MNPs at 303, 313, and 323 K and 0.94, 0.92, 0.92 for MCS at 303 K, 313 K and
323 K (Table S2) [45].

The Temkin Isotherm Model was used to characterize the adsorption considering
the interaction between adsorbate and adsorbent, which resulted in a linear reduction
in isotherm when the heat of adsorption of all molecules in the layer was included
Equation (9) provides the isotherm:

ge = BInKt + BInCe 9)

where, 3 = RT/b.

[ represents the heat of adsorption (J/mol) and Kr is the Temkin isotherm constant
(L/g). The plot of geVs InC, produces a straight line with slope 3 and intercept BInKr. b is
the Temkin constant which is associated with the sorption heat (J/ mg) (Figure S6).

The adsorption is characterized by a uniform distribution of binding energies. The
binding energies were 199.28, 185.86, and 146.10 J/mol for MNPs and 132.85, 94.68, and
69.43 J/mol for MCS at 308, 303, and 298 K, respectively [46—48].

The D-R isotherm can be used to find out the adsorption mechanism.

Dubinin-Radushkevich (D-R) isotherm (Dubinin, 1960) is:

Inge = Ingm — pe? (10)

¢2 and b are constants. The D-R constants qm and b were calculated from the slope and
intercept of InqeVs 2 [37]. The qm calculated by the D-R model was 640.699 mg/g and
598.7594 mg/g for MNPs and MCS composite at 303 K, respectively (Figure 54).
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Four isotherm models were studied, and the significant parameters are shown
in Table S2.

3.3. Thermodynamic Studies

To investigate the spontaneity, feasibility, and endo/exothermic nature, thermody-
namic data plays an important role. The effect of solution temperature (20-50 °C) on Cd (II)
ion adsorption was investigated under optimal conditions. Standard entropy (S), enthalpy
(H), and Gibbs free energy (G) were calculated as thermodynamic parameters. The Van't
Hoff equation was used to calculate these thermodynamic parameters.

qe(W/v)
K=" 11
d C. (11)
InKy = AS°/R — AH?/RT (12)
AG? = —RT InKy4 (13)

where AGY is the Gibbs free energy, ASC is the entropy, and AHY is the enthalpy, Ky is the
distribution coefficient for the adsorption process.

Equation (11) can be used to calculate the value of Ky after the values of g and Ce
have been determined experimentally. Using the value of K4 in Equation (12), the values of
enthalpy and entropy can be calculated. Using Equation (12), the slope and intercept of the
plot In (Kg4) vs. 1/T in Figure 10 would give the values AH? and AS?, respectively.

55
= 10°MCS
== 10°C MNP e 20°MCS|
40 1 == 20°C MNPs 50 A 30°MCS
- 30°C MNP
35 - <
45 -
~
e
30 £ 40
254 25
204
30
a
@) T r r r v (b)
0.00310  0.00315 0.00320 0.00325 0.00330 0.00310  0.00315 000320  0.00325  0.00330
1/T T

Figure 10. Linear dependence of In (Kd) on 1/T based on adsorption thermodynamics for (a) MNPs
and (b) MCS at various temperatures.

From Table S3, the positive value of AH shows that the adsorption process is endother-
mic, which confirms the chemisorption nature of adsorption. The negative value of AG
at all three temperatures for MNPs and at 303 K for MCS composite indicated that the
spontaneity of the process was favored at these temperatures. The positive value of AS
showed a rise in randomness during the adsorption of Cd (II).

3.4. Reusability of Adsorbent

Metal ion desorption from the sorbent and adsorbent regeneration are critical chal-
lenges in terms of adsorbent reusability. The major goals of the regeneration process are to
recover useful components from the adsorbed phase and to restore the sorption capability of
the exhausted material [49]. Figure 11 displays the results of seven adsorption-regeneration
cycles (Figure 11a,b). Using various agents including HCI (0.05 M, 0.1 M), and NaOH
(0.05 M, 0.1 M), the batch technique was used to evaluate the desorption of the sorbed
cadmium from Fe;O4 and MCS composite. It was discovered that 0.1 M HCI produced
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the greatest amount of Cd (II) desorption (98%) while using 0.1 M NaOH, the desorption
efficiency was observed to be 84%. Adsorption, as well as desorption cycles, were repeated
seven times utilizing the same adsorbents to assess the adsorbent’s reusability. After each
cycle of adsorption, the solid portion of the adsorbent was centrifuged and further mixed
in DI water. This mixture was then agitated for about 1/2 h. The remaining suspension
was once again used for a different batch experiment. Seven rounds of a similar process
were performed. The removal capacity of the regenerated sorbent gradually reduced in
comparison to the original adsorbent. As a result, MCS was an effective reusable adsorbent
that could be used to recover Cd (II) ions from aqueous medium. The percentage removal
of Cd (II) decreased from the first to seventh cycle (i) 99.99% to 80.44% for MCS, (ii) 95.1%
to 42% for MINPs. This demonstrates that the MCS may be reused at least seven times while
retaining good sorption efficiency. As a result, it was possible to conclude that magnetic
chitosan composite can be employed as an efficient material in the removal process.
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Figure 11. Regeneration studies using (a) 0.1 M HCl and 0.1 M NaOH, (b) Regeneration studies of
MNPs and MCS (0.1 M HCI).

3.5. Comparative Studies

MnFe;O,4/CS microspheres were prepared by coating chitosan on MnFe,O,. Max-
imum sorption capacity was observed to be 60.6 mg/g for Cd (II) removal. The experi-
ments showed that the composite could maintain sorption capacities after three cycles of
adsorption-regeneration [50]. A new nanobiosorbent based on methionine-glutaraldehyde
Schiff’s base-modified cross-linked chitosan magnetic beads was prepared by Salehi et al.
(2020) for the elimination of Cd (II). The utmost sorption capacity was observed to be
163.9 mg/g [51]. Chitosan and sodium tripolyphosphate cross-linked chitosan beads
were synthesized for cadmium removal from an aqueous medium by Babakhani and
Sartaj (2020). The maximum sorption capacity was observed to be 99.87 mg/g [52].
Attapulgite /CoFe,0,@SiO;-chitosan/EDTA was synthesized by solvothermal and sol-
gel techniques. The maximum sorption capacity was observed to be 127.79 mg/g [53].
Fan et al. (2017) studied the sorption of cadmium by using magnetic chitosan nanopar-
ticles. The maximum sorption capacity was observed to be 36.42 mg/g for Cd (II). Rela-
tively, the maximum sorption capacity for pure Fez3O4 nanoparticles was observed to be
13.04 mg/g [54]. Li et al. (2017) prepared chitosan/polyethylenimine grafted magnetic
gelatin to eliminate cadmium from wastewater. According to the Cd (II) sorption results,
the process can be explained by a monolayer forming on the surface of the material with
321 mg/g from the Langmuir isotherm [55]. The relative adsorption capacity of various
adsorbents for Cd (II) and the relative adsorption performance of MCS-based adsorbents
for heavy metal ions removal are shown in Tables 2 and 3, respectively.
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Table 2. The relative adsorption capacity of various adsorbents for Cd (II).

S. No. Materials Q.(mg/g) Reference
1 Egg-albumen-formaldehyde-based magnetic polymeric resin 149.3 [56]
2 Mesoporous magnetic nanocomposite 158.68 [57]
3 Amino-decorated magnetic metal-organic framework 693.0 [58]
4 Carboxymethyl chitosan/sodium alginate/graphene oxide@ Fe304 beads 86.28 [59]
6 Poly(.y—glutamlc ac1§1) modified magnetic Fe304-GO-(o-MWCNTs) 625.00 [60]
hybrid nanocomposite
7 Citric acid- and Fe30O4-modified sugarcane bagasse 33.2 [61]
8 Fe;O4@Biuret-formaldehyde pre polymeric resin 92.6 [62]
9 Fe304/FeMoS, /MgAl-LDH nanocomposite 140.50 [63]
10 Fe304@PDA microspheres 296.4 [64]
11 Fe304/Si0O, /PP 30.1 [65]
12 Fe304 nanoparticles 290 This work
13 Fe30O,4/Chitosan composite 426 This work
Table 3. The relative adsorption performance of MCS-based adsorbents for heavy metal ions removal.
S. No. Materials Heavy Metals Qe(mg/g) Reference
Ni(IT) 108.9
1. Magnetic chitosan composite Cu(II) 216.8 [35]
Pb(II) 220.9
’ Magnetic chitosan nanocomposites modified with graphene As(V) 220.26 [66]
’ oxide and polyethyleneimine Hg(II) 124.84
3 Chitosan magnetic beads modified with cysteine glutaraldehyde  Cu(lII) 156.49 [67]
’ Schiff’s base Cr(VI) 138.53
. . Pb(II) 341
4. PEI-grafted magnetic gelatin cd (1) 31 [68]
5 Magnetic chitosan/polyethyleneimine embedded hydrophobic ~ Cr(VI) 87.53 [69]
’ sodium alginate composite Cu(II) 351.03
6. Magnetic graphene oxide/chitosan composite beads Ni(II) 80.48 [70]
. . . Pb(II) 79.24
7. Magnetic Fe3O,/Chitosan nanoparticles Cd (1) 36.42 [54]
8. Magnetic chitosan/graphene oxide (MCGO) materials Pb(IT) 76.94 [71]
9 Xanthate-modified cross-linked magnetic chitosan/poly(vinyl ~ Pb(II) 59.855 (72]
’ alcohol) particles Cu(II) 139.797
. . . . Pb(II) 97.97
10. Magnetic anaerobic granule sludge/chitosan composite Cu(I) 83.65 [73]

3.6. Adsorption Studies
3.6.1. Variation of Adsorbent Dose

The amount of the adsorbent used is a crucial factor in calculating sorption capacity.
Studies were carried out by changing the sorbent dosage from 0.01 to 0.1 g/L, while
all other factors such as contact duration, temperature, and rpm were held constant to
optimize the sorbent dose for the elimination of Cd (II) ions from the aqueous medium.
Adsorption capacity experienced a substantial reduction with increasing adsorbent doses.
This may be explained by the fact that a greater sorbent dose makes it easier for Cd (II)
ions to access active sites on the pores of magnetic chitosan composite, which enhances
removal rates. More easily accessible functional groups and adsorption sites for metal
ions were responsible for the increment. However, higher adsorbent dosage most certainly
enhances particle interactions, like aggregation, which is due to high sorbent concentration.
As a result, the adsorbent’s active surface area is significantly reduced, which lowers its
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capacity for adsorption. The adsorption process achieves the equilibrium point due to the
overcrowding of adsorbent particles brought on by the overlapping of adsorption sites after
a gradual decline in the sorption capacity of Cd (II) ions from the wastewater. The decline
in the ratio of Cd (II) per mass unit of sorbent might potentially account for this [20,22].
The adsorption capacity for MCS fell from 613.75 mg/g to about 249.99 mg/g for C,(100)
and from 488.7 mg/g to 124.99 mg/g for C,(50) as the sorbent dosage rose from 0.01 g/L
to 0.1 g/L. Also, the adsorption capacity for MNPs fell from 363.75 mg/g to 248.75 mg/g
for C,(100) and from 238.75 mg/g to 123.875 mg/g for Cy(50) as the sorbent dosage rose
from 0.01 g/L to 0.1 g/L, as shown in Figure 12a.
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Figure 12. Effect of (a) adsorbent dose, (b) pH, (c) contact time, (d) initial concentration for adsorption
of Cd (II) on Fe304 and MCS composite, respectively.

3.6.2. Variation in pH

The solution’s pH is a very important factor that strongly affects the sorption process
because it influences the charge of the surface by protonation and deprotonation of the
material and degree of ionization. By conducting equilibrium adsorption experiments at
various pH levels, the impact of the suspending medium’s pH on Cd (II) removal was
investigated. In the current study, the influence of solution pH on the sorption of Cd
(II) by MNPs and MCS was examined throughout a pH range of 2-11 (Figure 12b). Tem-
perature, dose, rpm, dosage, and other factors were all held constant. Low adsorption
efficiency was found at low pH which was caused by competition between the Cd (II) ion
and the H* ion for placements on material active sites. Additionally, the concentration
of adsorbent positive charges is large in acidic conditions, which results in electrostatic
repulsion between the magnetic composite and the Cd (II), decreasing the efficiency of Cd
(II) elimination. The removal of cadmium reduces when the pH rises from 2 to 6 because
the positive charges on the adsorbent surface are reduced, repulsive forces are stronger, and
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the positive charges are less attractive [74]. The electrostatic attraction was strengthened
as the pH increased, which progressively raised the degree of deprotonation of func-
tional groups and improved the sorption capacity. The utmost removal was seen between
pH 6.0 and 8.0 [75].

3.6.3. Variation of Contact Time

It has a pronounced effect on the elimination of adsorbate species from aqueous
medium. To assess the Cd (II) adsorption behavior by MNPs and magnetic chitosan
composite, the influence of time of contact between the adsorbent and adsorbate was
optimized in this work by altering the contact duration from 5 to 50 min. By separating the
supernatant at different times, the effect of contact time on sorption capacity was measured.
The adsorption rate was quick in the beginning, as seen in Figure 12c. The initial strong
absorption of Cd (II) ion was owing to high adsorbate and adsorbent interactions with
low solute-solute interaction and more adsorption site accessibility. As the time increased,
equilibrium was attained in the adsorption as more and more active sites were occupied.
However, after equilibrium was reached, mass transfer diminished and the repulsion of
the adsorbate molecule on the surface and inside the solution increased.

It took around 50 min to achieve equilibrium for uptake of Cd (II) [76]. The increment
in time can offer plenty of chances for Cd(II) to adsorb to the composite surface. Figure 12¢
shows that on raising the contact time from 5 to 50 min, the sorption capacity increased
from 81.458 to 416.65, 60.625 to 208.33, 39.79 to 414.79, and 27.29 to 206.458 mg/g for MCS
(100 mg/L), MCS (50 mg/L), MNPs (100 mg/L), and MNPs (50 mg/L).

The results demonstrated that the adsorbents showed fast removal of Cd (II) within
50 min which is faster when we compare with the reported literature of other adsorbents
employed for the Cd (II) removal [77].

3.6.4. Variation of Concentration

The elimination of Cd (II) by adsorption on MNPs and magnetic composite (MSC)
was examined in relation to the effect of initial concentration. It appears that the metal
ion’s initial concentration is significant and influences the sorption capacity. Because the
initial concentration of Cd (II) may offer the driving force required to transfer a mass of Cd
(II) between the water phase and the adsorbent surface, the concentration of Cd (II) can
also impact the performance of the sorption process.

With the rise in the concentration of Cd (II), there was a decrease in % removal.
The experiments were performed at different initial concentrations varying from 10 to
100 mg/L. The graph (Figure 12d) illustrates that with an increase in the concentration of
Cd (II) ions, there is a decrease in Cd (II) removal % and a rise in sorption capacity. The
presence of active surfaces and sites in the MNPs and MCS composite structure for the
assignment of Cd (II) can be related to improving efficiency at low initial concentrations
of Cd (II). Additionally, when the concentration of cadmium rises, the %-age of Cd (II)
removal decreases, which is explained by the saturation of the MSC'’s active sites above a
specific level of Cd (II), at which point the system enters equilibrium and no further Cd (II)
adsorption takes place [22].

The % removal of Cd (II) by adsorption onto the adsorbent decreases from
99.96 to 97.09, 99.99 to 97.25, and 99.999 to 97.45 for MCS (303 K, 313 K, and 323 K)
and from 89.1 to 93.81, 89.9 to 94.1, and 91.0 to 94.5 for MNPs (303 K, 313 K, and 323 K),
respectively (Figure 12d).

4. Adsorption Mechanism

The Cd (II) ion has an empty d orbit, and both nitrogen and oxygen atoms have
lone electron pairs that can attach metal ions to create the complex via electron pair
sharing. Fe30, enclosed in CS NPs and MNPs not only provides rich functional groups
(-OH, -COOH, and -CO-NH-) as a binding site for heavy metal ions but also has a greater
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specific surface area to maximize functional group utilization. Functional groups on
Fe304-loaded CS NPs and MNPs are freely available for metal ion coordination bonding.

Since negatively charged adsorbents might be quickly absorbed by positively charged
groups, such as -OH?* and -NH*; in acidic conditions, the electrostatic attraction was
a potential adsorption mechanism. The negatively charged functional groups like COO-
and AOA on the surface of Fe;O, -loaded CS NPs and the Cd (II) ion may establish an
electrostatic interaction. Therefore, under the influence of both coordination bonds with
the oxygen atom in Fe3O4 and electrostatic attraction, the adsorbents demonstrated a
significant adsorption capacity for the Cd (II) ion.

The amines and secondary alcohol functional groups are the major sites for complexing,
according to the FTIR analysis of the magnetic chitosan composite before and after Cd (II)
adsorption (Figure 13). There is a slight shift in the position of various bands in the MCS
after the adsorption of the metal ion, Cd (II). From the XRD data, there was a slight shift in
the diffraction peaks after the adsorption of Cd (II). Also, from the magnetization results,
the decrease in magnetization indirectly asserted the formation of a composite between CS
and MNPs.

Adsorption of
CddI)

Figure 13. Proposed mechanism for Cd (II) capture by MCS composite [78].

The oxygen of the alcohol and the nitrogen of the amino group has a pair of electrons
that can add themselves to a proton by coordinated covalent bonds. While nitrogen has a
larger capacity to donate its pair of electrons to a cadmium ion to form a complex through
a coordinated and covalent bond, oxygen has a stronger attraction of the electron pair by
the atom nucleus. This leads us to suggest that the mechanism shown in Figure 13 governs
the formation of the complexes between Cd (II) and adsorbent. In this mechanism, the
cadmium ion acts as a Lewis acid that may take in electron pairs due to its vacant orbitals.
The amine and hydroxyl groups, on the other hand, which have non-shared electron pairs,
serve as Lewis bases by giving their electron pair.

5. Conclusions

In the present study, magnetic chitosan composition was synthesized via a green route
and thoroughly characterized by a variety of physical-chemical techniques. Afterward,
the composite materials were successfully utilized for the adsorption of Cd (II). Elaborate
studies on the kinetics and thermodynamic aspects of adsorption were carried out.For
comparison, MNPs were also used as adsorbents for Cd (II). MCS showed excellent and
high adsorption capacity compared to native MNPs. The adsorption capacity values of
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426 mg/g for MCS and 290 mg/g for NPs were observed. The BET surface area values
of MCS and NPs were found to be 178 and 105 m?/g, respectively. Both adsorbents
showed second-order kinetics. The optimum process parameters include an adsorbent
dose of 0.05 g/L, a contact time of 50 min, and a pH value of 6.0 with an initial Cd (II)
concentration of 100 and 50 mg/L. The adsorption processes on both the adsorbents were
feasible and spontaneous as evident from the thermodynamic parameters. The composite
material showed good regeneration capacity with an 80.44% removal tendency up to the
seventh cycle while MNPs showed low removal capacity of 42% by the seventh and the
last cycle. This research provides some insights into the aspects that influence the design
of adsorbents with superior performance and easy recovery for Cd (II) ion absorption.
Magnetic composites have promising applications in water treatment. Its outstanding
selective adsorption considerably improves the material’s adsorption efficiency, and it may
be specially treated for wastewater enriched with various compounds. Furthermore, the
magnetic chitosan adsorption material is easy and simple to recycle, with a high recycling
rate. These benefits can lower wastewater treatment costs and increase economic efficiency.
So, from the present study, it is concluded that the green synthesized MCS composite with
MNPs enhanced the stability of hybrid material and also improved the removal capacity of
Cd (II) with good regeneration ability and effective field study results.
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Abstract: Melanin as a natural polymer is found in all living organisms, and plays an important
role in protecting the body from harmful UV rays from the sun. The efficiency of fungal biomass
(Aureobasidium pullulans) and its extracellular melanin as Cr(VI) biosorbents was comparatively
considered. The efficiency of Cr(VI) biosorption by the two sorbents used was augmented up to
240 min. The maximum sorption capacities were 485.747 (fungus biomass) and 595.974 (melanin)
mg/g. The practical data were merely fitted to both Langmuir and Freundlich isotherms. The kinetics
of the biosorption process obeyed the pseudo-first-order. Melanin was superior in Cr(VI) sorption
than fungal biomass. Furthermore, four independent variables (contact time, initial concentration of
Cr(VI), biosorbent dosage, and pH,) were modeled by the two decision trees (DTs). Conversely, to
equilibrium isotherms and kinetic studies, DT of fungal biomass had lower errors compared to DT
of melanin. Lately, the DTs improved the efficacy of the Cr(VI) removal process, thus introducing
complementary and alternative solutions to equilibrium isotherms and kinetic studies. The Cr(VI)
biosorption onto the biosorbents was confirmed and elucidated through FTIR, SEM, and EDX
investigations. Conclusively, this is the first report study attaining the biosorption of Cr(VI) by
biomass of A. pullulans and its extracellular melanin among equilibrium isotherms, kinetic study, and
algorithmic decision tree modeling.

Keywords: artificial intelligence; biosorption; fungal biomass; water treatment; heavy metals

1. Introduction

Admission to hygienic and secure water is crucial for healthy living organisms; how-
ever, this reality could not be achieved worldwide owing to the increase in human activity
e.g., agricultural practices, and industrialization [1]. Heavy metals are a major environ-
mental anxiety owing to their toxicity, ability to bioaccumulate, and persistence in the food
series [2]. Chromium is produced in the environment as a byproduct of several activities
such as mining, energy production, steel, and iron industries. However, chromium ions at
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permissible limits could possess a vital function in the biosynthesis of nucleic acids, and the
metabolism of fat, proteins, and carbohydrates. The toxicity of Cr ions was found to arise
from oxidation status [3]. The high oxidative form (hexavalent Cr®*) is more toxigenic, and
carcinogenic in biological systems compared to the trivalent Cr** ions, which are less toxic,
more soluble, and have stable oxidation status [4].

A variety of water bioremediation processes (e.g., ion exchange, and coagulation-
flocculation), are utilized to remove heavy metals. However, these procedures have many
disadvantages i.e., expensive, energy-intensive requirements, time-consuming, and un-
dergo drawbacks correlated to recyclability. Therefore, the biotechnological-based treat-
ments, e.g., bacteria, fungi, plants, and algae, are, currently, being documented on leaching
heavy metals from contaminated effluents [5,6], since the biological methods are cost-
effective and eco-friendly [7].

Melanin is a black or dark brown high molecular polymer, which is biosynthesized
by oxidation and polymerization of phenolic compounds [8]. It is associated with some
melanized fungal strains, situated in the cell wall or remains extracellularly [9]. Melanin
also has many other biological properties, including antimicrobial [10], photoprotective [11],
and antioxidant effects. Melanin has been shown to inhibit the growth of bacteria, fungi,
and viruses. This is thought to be due to their ability to chelate metal ions and disrupt the
cell membranes of microorganisms [12]. Melanin absorbs ultraviolet radiation, which can
damage DNA leading to skin cancer [13]. They also help to prevent premature aging of the
skin [14].

Both melanized fungi and their melanin are new renewable potential biosorbents for
removing heavy metals [15]. Fungal melanin contains a diversity of functional groups,
including phenolic, carboxylic, amine, and hydroxyl groups that can bind to metal ions [16].
For instance, copper binds mainly to the carboxyl group in catechol melanin at pH < 5,
but at pH > 6, copper binds primarily to the phenolic hydroxyl group [17]. Another study
reported that the proteinaceous fraction containing nitrogen groups can bind iron and
copper [18].

Additionally, the biosorbent potential of melanin depends upon the physicochemical
features of functional groups [19,20]. Moreover, melanin polymers could also interact
with metal ions through their free radical species, forming complexation [21,22]. Another,
the thermal tolerance of melanin and insolubility in organic solvents and aqueous solu-
tions ensure the constancy of melanin as an adsorbent to industrial effluents containing
metals [23].

Numerous reports discussed the ability of filamentous fungi to bind metals, where
fungal mycelium involves an interconnected network of millimeter-to-centimeter-long
hyphae [24]. Moreover, fungal biomass can produce massive growth on a large scale, where
the biosorption of metal ions by filamentous fungi can occur at a minimal cost [25].

Decision trees (DTs) are a kind of artificial intelligence classified as supervised ma-
chine learning and data mining algorithms. DTs are used to solve both classification and
regression tasks, determine the relative importance of the independent variable on a re-
sponse target, clustering analysis, and understand and interpret a wide variety of data
types. DTs work by recursively partitioning a data set into minor subsets until each subset
is homogeneous concerning the target variable. The decision rules at each node of the tree
are learned from the training data and can be used to predict the target variable for new
data points [26]. To obtain optimum prediction by DT for new conditions, it is crucial to
have an applicable assortment of data. Anyhow, the training and optimization process
should be followed by authentication, as the certainty tree can be influenced by overfitting
and other affairs thus several roles are recommended to avoid such problems [9,27].

No information is available about the combination of DT with equilibrium isotherms
and kinetic studies for the determination of relative variable importance and modeling the
biosorption process. Combining equilibrium isotherms and kinetic studies with DTs can
provide a holistic understanding of the sorption process. Where equilibrium isotherms
describe the system relationship between the amount of solute adsorbed onto a sorbent,
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kinetics focus on how quickly the sorption process occurs and how the concentration of
the solute changes over time, DT, on the other side, can predict the outcome or behavior of
all sorption system based on various input parameters, as well as determining the relative
importance of the independent variables. As a case study, Aureobasidium pullulans and
its extracellular melanin were used during the current work in a trial to understand the
mechanism by which pollutants are adsorbed onto fungal biomass and melanin. In general,
the exhaustion of fungal biomass or melanin in the eradication of heavy metal ions from
wastewater is an urgent demand from the environmental arguments of view.

Biomass-based sorbents are a sustainable and cost-effective way to remove Cr(VI) from
water and wastewater [28]. These sorbents can be made from a variety of biomass materials,
such as agricultural waste, wood waste, and food waste. They can be functionalized
with various chemical groups, such as carboxylates, amines, and phosphates, to improve
their Cr(VI) sorption capacity. The sorption of Cr(VI) onto biomass-based sorbents is a
complex process that is influenced by several factors, including the sorbent material, the
functionalization chemistry, the Cr(VI) concentration, the pH, and the temperature. In
general, Cr(VI) sorption is favored by low pH values and high temperatures [29]. Biomass-
based sorbents are effective in removing Cr(VI) from water and wastewater with high
sorption capacities and low regeneration costs [30]. They are promising technologies
for the removal of this toxic heavy metal from the environment. The benefits of using
functionalized biomass-based sorbents for Cr(VI) removal included [31]: (1) They are
renewable and biodegradable, making them ecofriendly. (2) They are low-cost and easy to
produce. (3) They can be tailored to specific Cr(VI) removal applications. Functionalized
biomass-based sorbents are a promising new technology for the removal of Cr(VI) from
water and wastewater. They offer many advantages over traditional sorbents, making them
a more sustainable and cost-effective option for environmental remediation [32].

Herein, our investigated study focused on Cr(VI) biosorption through (i) compar-
ing the biomass of A. pullulans and its extracellular melanin during isotherm models
i.e., Langmuir, Freundlich, and Temkin, (ii) investigating the kinetic behavior by applying
pseudo-first-order and pseudo-second-order (iii) modeling the overall biosorption process
by DT for both fungal biomass and melanin. Additionally, it confirmed the biosorption
process of Cr(VI) ions on fungal biomass and melanin particles by SEM, EDX, and FT-IR
analyses. The current study provides complementary information on modeling biosorption
using different modeling procedures. Moreover, developing efficient and environmentally
friendly methods for heavy metals removal from industrial wastewater. Cr(VI) was chosen
as a case study. As fungal biomass and melanin are renewable, and ecofriendly resources
that are readily available, it is important to compare the sorption capacity of both biomate-
rials using two complementary models to determine the most efficient biosorption process
for a particular application.

2. Materials and Methods
2.1. Materials

All the used chemicals in the current study were purchased from Sigma Co., St. Louis,
USA. HCI (0.1 N), and NaOH (0.1 N) solutions were prepared and utilized to adjust the pH
of the solution.

2.2. Preparation of Hexavalent Chromium Solution

Potassium dichromate (Cr(VI), >99%) solution was prepared at 1000 mg/L in deion-
ized water and used to prepare a concentration range of 5 to 200 mg/L. The working
solution pH was adjusted to the respective level by HCI or NaOH using a pH meter
(HI98130, Hanna Instruments, Romania). Trials were performed in a 100 mL working
solution in a 250 mL conical flask. The remaining Cr(VI) after the biosorption process was
determined [33] using an Atomic Absorption Spectrophotometer (Buck Scientific Accusys
211 series, Norwalk, Connecticut, USA) by an air/acetylene flame system.
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2.3. Preparation of Biosorbants
2.3.1. Fungus and Melanin

Aureobasidium pullulans AKW (GenBank accession number OP924554) was obtained in
an earlier study [9]. The medium of melanin biosynthesis [34] consisted of potato sucrose
broth. The medium was prepared by mixing potato infusion (200 g of sliced, and unpeeled
potatoes were boiled in 1 L of distilled water for 30 min, then filtered to remove debris
of potato) and sucrose (50 g/L of potato infusion). The medium was adjusted to pH 6.0.
Flasks containing 100 sterilized medium (15 min at 121 °C) were inoculated by fungal seeds
(3 x 107 cells/mL) in a proportion of 5%. The culture was incubated at 30 °C for 10 days
with a rotation speed of 200 rpm.

2.3.2. Separation and Purification of Melanin

The separation and purification of melanin was carried out following The protocol
of El-Gamal et al. [35] and Miijdeci [36] with minor modifications. Briefly, melanin was
separated from the microbial cell pellets by centrifugation (15 min, 3000 g). Melanin in
the cell-free filtrate was precipitated by reducing the pH down to 2.0 by HCl (6 M) and kept
for 4 h under cooling. The precipitate was separated at 7000x g for 15 min. The recovered
melanin was washed with distilled water. The melanin purification process was repeated
four times followed by lyophilization, then stored (at —20 °C).

2.4. Cr(VI) Ions Biosorption Process

The batch adsorption unit contained 0.01 g of the dried fungal biomass or the biosyn-
thesized melanin and 10 mg/L Cr(VI). 100 mL solution was then agitated (200 rpm at
room temperature) in an orbital shaker. Solutions were gathered at a definite time and
then centrifuged (12,000 rpm, 10 min). Cr(VI) residual concentrations were analyzed using
ICP-OES [37] and the amount of metal ions biosorbed onto the used biosorbents was
estimated (Equation (1)).

ge = (C 0 C E)V (1)

w

where qe is the quantity of Cr(VI) ions absorbed at a specific period per unit mass of the

used materials (mg/g), Co is the initial Cr(VI) level (mg/L), Ce is the residual Cr(VI) in

solution at equilibrium (mg L~1), V is the volume (L) and W is the amount of the used

biosorbent particles (g). The Cr(VI) ions removal percentage was estimated by Equation

(2):

Co—Ce
0

where C, and Ce (mg/L) are the initial and equilibrium levels of Cr(VI) ions in the solution.

The impacts of numerous processing factors, i.e., initial Cr(VI) ions concentration,
interaction time, solution pH, and weight of biosorbed material on the Cr(VI) biosorption
process were optimized and studied.

% of Cr(VI) ions removal = x 100 (2)

2.4.1. Influence of Contact Time

A weighing 0.01 g of the fungal biomass or the biosynthesized melanin particles was
added to a 100 mL volume of Cr(VI) solution (10 ppm). Then, the solutions were shaken
for diverse intervals of time (10, 20, 30, 60, 120, 180, 240, 280, and 300 min).

2.4.2. Effect of Initial Cr(VI) Concentration

A weight of 0.01 g of the used fungal biomass or the biosynthesized melanin particles
was added to a series of initial Cr(VI) solution concentrations (5, 10, 25, 50, 100, and
200 mg/L), and the tests were accomplished for the equilibrium.
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2.4.3. Effect of Thresholds of Fungal Biomass and Its Melanin

Different amounts of the used fungal biomass and the biosynthesized melanin particles
(0.005, 0.01, 0.05, 0.1, and 0.2 g) were added to each 100 mL of Cr(VI) aqueous solution and
shaken for a constant biosorption time.

2.4.4. Solution pH vis. Cr(VI) Sorbtion

The pH effect of the Cr(VI) solution was inspected at diverse pH values (2,4, 5,7, 9,
and 11) using a pH meter (ADWA, AD1000, Romania), and it was controlled by adding
(1 N) NaOH or HCl solutions. The bio-sorbent particles (0.01 g) were added to each 100 mL
of Cr(VI) solution using 10 ppm as an initial concentration and were shaken for a constant
bio-sorption time.

2.5. Biosorption Isotherm Determination

To study the biosorption isotherms (equilibrium modeling), the impact of the initial
Cr(VI) ions level on the biosorption practicability was conducted through batch mode
studies by contacting 0.01 g of the used bio-sorbents within a range from 5 to 200 mg/L
Cr(VI).

Equilibrium isotherm models defined the adsorbent and adsorbate interactions. The
shape of isotherms is determined by many factors such as Cr(VI) level in the solution,
their biosorbent capabilities, and the grade of rivalry between Cr(VI) ions to bind to the
active sites of biosorbent. The biosorption behavior of Cr(VI) ions onto the used bio-
sorbent particles and the optimal terms of biosorption attitude can be appraised from
the equilibrium isothermal factors. The Langmuir, Freundlich, and Temkin adsorption
isotherm models were applied to explain the equilibrium discrimination of Cr(VI) ions
onto the biosorbents [38]. Langmuir isotherm assumes the homogeneity of the biosorption
process, for instance, biosorption uniform energy with no transmigration of Cr(VI) ions in
the plane of the used bio-sorbent particles surface, with a monolayer coverage, and uniform
biosorption energies. The linear isotherm form of Langmuir is presented in Table 1.

Table 1. Equations of Langmuir, Freundlich, and Temkin models for biosorption of Cr(VI) onto the
used fungal biomass and the biosynthesized melanin [39].

Adsorption

Models Equation Parameter

e is the amount of Cr(VI) ions biosorbent at equilibrium (mg/g),

Lanemuir c 1 C qm is the supreme monolayer coverage aptitudes (mg/g), K is the
& %0 = @K T Langmuir constant (L/mg), and Ce is the equilibrium concentration

of Cr(VI) ions (mg/L).

e is the Cr (VI) ions amount biosorbent at equilibrium (mg/g); Ce
. . 1 is the Cr (VI) ions equilibrium concentration (mg/L); and Kf and n¢

Freundlich b qe = In Ky + nf n Ce are Freundlich constants related to the biosorption aptitude and

biosorption intensity, respectively

Kr is the Temkin constant referring to equilibrium maximum
Temkin ge=BImKT+BInC, binding energy and B is the Temkin constant interrelated to
bio-sorption heat.

The model of Freundlich biosorption isotherm suggested that the Cr(VI) ions uptake
takes place on a heterogeneous surface by multilayer biosorption with the lateral interaction
between biosorbent Cr(VI) ions on the surface of used biosorbent particles surface. The
linear form of Freundlich isotherm is publicized in Table 1. The Temkin isotherm transacts
with the indirect impacts of interactions between the biosorbent and biosorbent Table 1.
The heat of biosorption of all molecule layers decreases linearly with coverage owing to
the interactions between bio-sorbent, and biosorbate [40].
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2.6. Biosorption Kinetic Studies

The biosorption kinetic study is a crucial step in highlighting the biosorption process’s
mechanism. An amount of 0.01 g of the used fungal biomass and the biosynthesized
melanin particles were mixed with 10 ppm Cr(VI) metal ions at 200 rpm for diverse intervals
of time (10-300 min). The final Cr(VI) concentration was measured after each interval
time and the amount of biosorbent metal ion (q;, mg/g) was plotted versus time (t, min)
for kinetic modeling. Four prevalent kinetic models (pseudo-first-order, pseudo-second-
order, intra-particle Diffusion, and Elovich) were searched to find out the biosorption of
Cr(VI) onto the used biosorbent particles. Lagergren’s pseudo-first-order supposes that
the biosorption process relies merely upon the level of Cr(VI) ions in the aqueous phase
and the biosorbent’s accessible binding sites at any time [41]. The pseudo-first-order model
Equation is presented in Table 2.

The pseudo-second-order kinetic model proposed that chemical biosorption is the
rate-controlling step of a biosorption process (Table 2). An intra-particle diffusion model
is a mechanistic sequence used to clarify biosorption kinetics. Generally, the biosorption
process is controlled by either external, pores, or surface diffusion adsorption on the surface
of the pore or a mixture of them. It is a function of adsorption aptitude and time that is
calculated by the Equation given in Table 2 as reported by Weber and Morris [42].

Table 2. Pseudo-first-order, Pseudo-second-order, Elovich, and Intra-particle diffusion kinetics
models equations for biosorption of Cr(VI) ions onto the used fungal biomass and the biosynthesized
melanin at 25 °C [38,43].

Adsorption Kinetic

Models Equation Parameter

qt and ge are the biosorbent Cr(VI) ions amount at time t and
Pseudo-first-order In (ge — q¢) = Ing, — Kqt equilibrium (mg/g), respectively. k (min~!) is the first-order
reaction rate constant

qt and qe are the biosorbent Cr(VI) ions amount at time t and
Pseudo-second-order % = Kl . equilibrium (mg/g), respectively, and k; is the second-order
(Koge) reaction rate equilibrium constant (g/mg/min).

a is the initial sorption rate (mg/g/min) and 8 is the extent of

Elovich qr=a+fint surface coverage and activation energy for chemisorption (g/mg)

k; is the intra-particle diffusion rate constant, and c¢; gives a

_ . . . . 0.5 )
Intra-particle diffusion e = kit™> +c; prediction about the boundary layer thickness

2.7. Decision Tree Learning Algorithm

Two parametric machine learning regression and classification trees were constructed [9]
to find out the probable answers for maximizing Cr(VI) removal using the 4 tested variables
that were used during equilibrium isotherms and kinetic studies, i.e., contact time, initial
Cr(VI) concentration, pH, and fungal biomass or melanin doses. The relative importance
of the 4 input continuous predictor variables that mitigate the noise resulting from the
experiential procedures was tested. The target response variable was Cr(VI) removal. The
4 continuous predictors in the data were used to generate DT based on the least squared
errors rule as a node-splitting process.

The DT statistics for training and testing to select and evaluate the optimal tree, where
the maximum correlation coefficients (R?) and lowest model error (root mean squared error
(RMSE), mean squared error (MSE), mean absolute deviation (MAD), and mean percent
error (MAPE), and standard deviation, were used judgment statistics.

For both fungal biomass and melanin, validation was carried out at a random fraction
of 0.3, where 30% of data were used for testing and 70% for training. A total of 75 data
values, representing three repeated experiments of the equilibrium isotherms and kinetic
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studies, were used. This procedure was performed to evaluate the prediction precision and
avoid overfitting.

During the learning process of DT, the nodes continuously split till the terminal
nodes could not be further split. Although deeper trees have more precise predictions, the
deepness of the DT was stopped when further modifications did not decrease MSE.

2.7.1. Model Validation of DTs

The predicted conditions at various nodes for both DT models were experimentally val-
idated using three different combinations of the 4 parameters. The predicted and observed
values were emulated to judge the model’s precision in maximizing Cr(VI) removal.

2.7.2. Software and Statistical Procedure

The data retrieved from the equilibrium isotherms and kinetic data were used as
historical data for machine learning. Experiments of Cr(VI) removal percentage by fungal
biomass or melanin were repeated thrice, and presented as the average with standard
deviation (£SD). The algorithm of DT and the statistical calculations were implemented
using Minitab software (version 21, Minitab Inc., State College, PA, USA).

2.8. Characterization of the Biosorption Process

Information about the surface morphology and topography of the used fungal biomass
and its extracellular melanin particles, as well as their surface chemical composition, were
established [44] by scanning electron microscopy (SEM), and energy dispersive x-ray (EDX)
on JSM6380, JEOL, Japan. The samples were covered with a thin layer of gold to avoid
charging during imaging.

The basic functional groups, and surface chemistry of the fungal biomass, and melanin
were scrutinized by Fourier-transform infrared spectroscopy (FI-IR), in which the spectral
analysis was run at Thermo-Fisher Nicolet IS10, USA Spectrophotometer at a resolution
of four cm~! in the wavenumber ranges of 5004000 cm~! in transmission approach to
identify the influence of the functional groups in the adsorption of Cr(VI) ions on the
surface of fungi and melanin. In this route, 20 mL of 1000 mg/L of Cr(VI) solution was
mixed with 0.1 g of each solid melanin and fungi biomass at 45 °C. Centrifugation at
200 rpm of the solution was achieved after incubation for 24 h to separate the melanin
particles and powdered fungi. The separated pellets were washed with ethanol and dried
in air. The solid melanin and fungi biomass were immersed in distilled water, separated
following the matching aforementioned conditions, and used as a control.

3. Results and Discussion

Melanin was produced extracellularly by A. pullulans. The resulting melanin after fer-
mentation was harvested, purified, dried, and ground before being used in the biosorption
process (Figure 1).

The technological significance of heavy metals has been recognized, since the out-
breaks of metals in a lot of industrial processes, such as electrical equipment, paints, treated
wood, and lead-acid batteries. Subsequently, a massive quantity of heavy metals has been
discharged into the ecosystem [45]. As the metals are discharged at doses beyond accepted
concentration, human life is threatened [46].

The biosorption process has several advantages compared to other ones e.g., less
sludge, cheap running, and installation cost, and flexible design process [46,47]. Likewise,
fungal cells play a major role in the biosorption process of heavy metals, because of their
content of functional groups that attract and sequester metals on their surface [5]. Wherein,
the fungal biomass of A. pullulans and its extracellular melanin were comparatively studied
as biosorbent agents for Cr(VI) eradication from aqueous solution.
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Figure 1. A close-up view of the A. pullulans biomass on growth medium (A), as well as the biosyn-

thesized melanin by the fungus (B).

3.1. Effect of Contact Time

The estimation and design of a biosorbent for the adsorption of Cr(VI) from an
aqueous solution depend heavily on the reduction rate. The impact of contact time between
Cr(VI) ions, and fungal biomass, or extracellular melanin particles was investigated during
reaction intervals up to 300 min) (Figure 2A). The figured data showed that the removal
percentage (R%) of Cr(VI) ions increased instantaneously with the augmenting of contact
time in the first few minutes, then a slow rate of biosorption was perceived with no
notable biosorption rate beyond 240 min (equilibrium time). The biosorption of Cr(VI) ions
(R%) increased from 13.46 up to 71.80% and from 9.83 up to 90.06% with increasing the
contact time from 10-300 min, by fungal biomass and its extracellular melanin particles,
respectively. The biosorption process of Cr(VI) ions is accomplished in two steps. The first
step was a fast approach that persisted for a short time. The second stage involved a more
gradual procedure that persisted until equilibrium was established. Further increases in
contact time after the equilibrium time did not result in any additional removal percentage.
The difficulties that Cr(VI) ions encounter in occupying the residual free active surface sites
might be the cause of the reduced biosorption rate in the later stage. This is attributed to
the forces between the Cr(VI) ions in the solid and bulk phases. The decline in Cr(VI) ions
R% with increasing contact time could be a result of the biosorption progression being
dominated by the intraparticle diffusion process [48].

Furthermore, metal biosorption is a biphasic process that involves the prompt metal
ions sorption on the active groups located on the surface of biomass in the first phase,
accompanied by the diffusion of metal throughout the biomass’ interior binding sites in
the second phase [49]. Moreover, biosynthesized melanin was found to have a higher
affinity for adsorbing Cr(VI) than the native fungal biomass. The difference in removal
percentage between the two was up to 10%. The literature has reported a similar tendency
of chromium adsorption utilizing diverse biomasses as a function of contact time, for
example, Spirulina sp. biomass [50], Chlorella species biomass [51], and dead fungal biomass
of Phanerochaete chrysosporium [52].
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Figure 2. Effect of batch biosorption parameters (A) contact time (min), (B) initial Cr(VI) metal ions
concentration (ppm), (C) material dosage (g), and (D) pH on the Cr(VI) biosorption onto the used
fungal biomass or the biosynthesized melanin.

3.2. Effect of Initial Concentration

The impact of the initial concentration of Cr(VI) ions on its R % by the fungal biomass
and its extracellular melanin was investigated (Figure 2B). As depicted by the data, there is
a reduction in R (%) of Cr(VI) ions correlated with increasing initial concentration and vice
versa with the biosorption aptitude. The increase in the concentration of Cr(VI) ions from 5
up to 200 ppm led to a notable decrease in the R (%) of Cr(VI) ions from 69.493 to 20.000%,
and 70.373 to 25.000%, by fungal biomass and its extracellular melanin, respectively.

While the biosorption aptitude of Cr(VI) ions increased from 34.747 to 400.000 mg/g,
and from 35.187 to 500.000 mg/g onto fungal biomass and extracellular melanin, respec-
tively. This phenomenon might be due to the fast depletion of the biosorption sites [53].
Moreover, the increase in the biosorption aptitude might be ascribed to the presence of
Cr(VI) molecules in the aqueous phase, which causes the rapid movement of the molecules
to the used bio-sorbent particle surface at higher concentrations, leading to an elevation in
the coefficient of mass transfer [54]. This result is consistent with other reported studies [55].
The results signify that the biosynthesized melanin has a great potential for reducing Cr(VI)
at higher initial concentrations than the used fungal biomass (~100 mg/g).

Concerning the obtained results, it could be deduced that the used fungal biomass and
the extracellular melanin could eliminate a higher Cr(VI) amount per gram of biosorbent.
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3.3. Dosage of Biosobants Virsus Cr(VI) lons Biosorption

The biosorption of Cr(VI) ions was profoundly influenced by the biomass dosage
during the process. Figure 2C depicted that the removal percentage (R%) of Cr(VI) ions
increased with increasing the biosorbents” dosage. However, the biosorption talent (q)
decreased with increasing the biosorbents” dosage. The removal percentage of Cr(VI) ions
increased from 33.033% to 85.557% and from 30.550% to 89.763% when the dosage of the
fungal biomass and the extracellular melanin increased from 0.005 g to 0.2 g, respectively.
However, the biosorption capability decreased from 66.067 mg/g to 4.278 mg/g and from
61.100 mg/g to 4.488 mg/g, respectively, with increasing dosages of fungal biomass and
extracellular melanin. Thus, the accessible increase in the active sites on the surface of the
biosorbent is a result of the increased amount of the biosorbent in the aqueous phase [56].

Accordingly, a direct relationship between the maximum concentration of the biosor-
bent capacity and the loaded biomass, for instance, the lowest amount of the used biosor-
bent particles was already higher than the maximum amount. This inverse relationship
is attributed to the agglomeration or coagulation of biomass particles at high biomass
loadings. This aggregation of particles reduces the number of accessible sites for metal
ion biosorption which could be attributed to the decrease in the metal-to-biosorbent ra-
tio as the dosage was increased [57]. Similar findings have been reported in the recent
literature [58-60].

3.4. Effect of Solution pH on the Cr(VI) Biosorption

The adsorption of metallic ions from aqueous solutions could be affected by pH-
values, (2-11), where the Cr(VI) ions biosorption by the two used biosorbents has been
investigated. The maximum removal percentage of Cr(VI)ions by the fungal biomass
and the extracellular melanin 98.147% and 98.880%, respectively, was observed at pH 2
(Figure 2D). Obtained results revealed that the increasing pH up to 5 resulted in a Cr(VI)
removal percentage of only 79.120% and 77.800% for fungal biomass and the extracellular
melanin, respectively. The increase in Cr(VI) removal could be attributed to the pronated
surface hydroxyl groups (-OH;*) from melanin. Subsequently, these protonated hydroxyl
groups enable the used biosorbent particles to electrostatically interact with negatively
charged CryO7%~ [61,62]. Similar findings of decreased Cr(VI) biosorption percentage and
biosorption capacity with increasing pH have been reported in other reports for a variety
of biosorbents such as Sinorhizobium sp. [63], and Pleurotus ostreatus [64]. On the other
hand, it could be observed that melanin particles have a higher removal percentage and
biosorption capacity than native A. pullulans biomass even at higher pH values. This could
be explained by the fact that melanin is a polymer of amino acids that contains indole rings,
which are highly electronegative. Additionally, melanin has a strong affinity for positively
charged Cr(VI) metal ions [65].

The results presented above clearly demonstrate that extracellular melanin has a higher
adsorption capacity than fungus biomass. Sometimes the difference in removal percentage
was approximately 20%, and the difference in biosorption capacity was 100 mg/g, due to its
unique chemical structure. Melanin is a polymer of amino acids that contains indole rings,
which give it its dark color. These indole rings are highly electronegative, which means that
they have a strong affinity for positively charged metal ions. Fungus biomass, on the other
hand, is composed of a variety of organic compounds, including carbohydrates, proteins,
and lipids. These compounds do not have the same strong affinity for positively charged
metal ions as indole rings. In addition, melanin is a very porous material, which means
that it has a large surface area. This large surface area allows melanin to interact with more
metal ions, which results in a higher adsorption capacity.

3.5. Biosorption Isotherms

Adsorption isotherms are mathematical equations that demonstrate how the concen-
tration of a metal in a solution at equilibrium relates to how much metal is adsorbed onto
a biosorbent. They are used to determine the spreading and interface of metals in the
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biphasic system at equilibrium. Adsorption isotherms are defined by several parameters,
including the initial level of the adsorbate in the aqueous phase, the amount of biosorbent,
the relative capabilities of the metal’s adsorption, and competition among the solutes.
These parameters are also identified by specific values that reflect the surface properties
and ability of a biosorbent for the adsorption of heavy metal ions [65,66].

In this study, the linear Langmuir, Freundlich, and Temkin models were applied to
the experimental data to find the best-fitted model. The linear graphs of the three applied
models are illustrated in Figure 3, and their corresponding parameters are tabulated in

Table 3.
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Figure 3. Equilibrium isotherm models; Langmuir, Freundlich, and Temkin for the biosorption of
Cr(VI) ions onto the used fungal biomass and the biosynthesized melanin.

The relevance of the isotherm equations is evaluated by R?. The Langmuir isotherm
was further documented by analyzing the Langmuir equilibrium parameter (R ), as out-
lined in Equation (3).

1
- 1+Kpg,

The calculated Ry, value was found to be 0.749 and 0.706 for the used fungal biomass
and the extracellular melanin, respectively. The biosorption process’s nature is distin-
guished by the Ry, value, e.g., unfavorable Ry, > 1); linear (Ry, = 1); favorable (0 < Rp, < 1);
irreversible (R, = 0) [67,68].

Ry 3)

128



Polymers 2023, 15, 3754

Table 3. The biosorption of Cr(VI) onto the used fungal biomass or the biosynthesized melanin at
25 °C based on Langmuir, Freundlich, and Temkin parameters.

Isotherm Parameters Fungal Biomass Melanin
Langmuir
qm (mg g~ 1) calculated 485.747 595.974
K (mgL~1) 0.034 0.042
R? 0.976 0.986
Freundlich
Kp (mgL~!/nLl/ng™1) 24.395 1.907
Nf 1.64 1.55
R2 0.956 0.959
Temkin
B (mg L) 90.189 117.017
Kt (K] mol~1) 0.637 0.693
R2 0.967 0.969

The obtained Ry, value indicated that the Cr(VI) biosorption onto the used fungal
biomass or the extracellular melanin was a favorable process. The value of 1/n of the
Freundlich isotherm model illustrates the probability of the isotherm, e.g., irreversible
(1/n =0); favorable (0 < 1/n < 1); and unfavorable (1/n > 1). The calculated 1/n value
(0.608 and 0.646) favored the Freundlich isotherm model. The value of R? was applied to
evaluate the fit of both isotherm models. The values were attained to be above 0.90 for both
models, identifying that the data of isotherm interpretations fit well for both models. How-
ever, the fit was more favorable to the Langmuir model than the Freundlich model [69]. The
Temkin isotherm model (Table 3) takes into account the influence of adsorbent-adsorbate in-
teractions on the adsorption process. In accordance with the R? value, the Temkin isotherm
model is well-fitted with the investigational data specifying the energetic homogeneity
of the biosorption sites and chemisorption process (RT/b InKT = 0.637 and 0.693 while
B =90.189 and 117.017 mg L ! for the used fungal biomass and the biosynthesized melanin,
respectively). The melanin particles have given the best biosorption rate of Cr(VI) metal
ion removal.

3.6. Biosorption Kinetics

It is important to characterize metal ion biosorption in kinetic terms to understand
the behavior involved in biosorption, such as mass transfer and chemical interactions,
where, the greatest amount of metal is absorbed in the first minutes to hours owing to the
accessibility of free active sites of the biosorbent surface [70-73]. In this work, four of the
most extensively benefitted kinetic models were applied to define the mechanism of Cr(VI)
ions onto the treated fungal biomass and the biosynthesized melanin particles pseudo-
first-order, pseudo-second-order, Elovich model, and intraparticle diffusion model. The
graphical demonstrations of these models and the kinetic data are publicized in Figure 4
and Table 4.

The first-order Lagergren model assumes that the adsorption rate is positively related
to the amount of vacant adsorption sites [74]. Previous studies [75,76] have shown that
the first-order Lagergren model is not always relevant to all practical data across the
biosorption process. Herein, the model is appropriate for depicting the kinetic data of the
Cr(VI) ions biosorption, although the correlation coefficient (R? = 0.774 and 0.707 for the
used fungal biomass and the biosynthesized melanin, respectively) which is lower than
0.845. Nevertheless, the considered uptake capacity values are respectably matched with
the experimental values, also suggesting the suitability of a pseudo-first-order model for
describing the kinetics of Cr(VI) ions biosorption onto the used fungal biomass and the
biosynthesized melanin, which indicates the physical nature of the adsorption process.
These findings are consistent with the previous literature [74].

129



Polymers 2023, 15,

3754

5.
4.
3.
2.
1.
0.
-0.
-1
-2
-3.

LN (qe'QC)

100

80

q, (mg/g)

20

1st pseudo- order

400

5
5 + o o
5 4 @ o
5 4 o
5 E
5 4
8 B
5 J
5 4
51 O Fungi O Melanin
5 Ll L) Ll
0 100 200 300
Time (min)
Elovich
O Fungi DMelanin o
0
o°
°
. o o0
8 o o
2 3 4 5
Int

2nd pseudo -Order

14 -
© Fungi O Melanin
12 - o
10 +
8
&
“6 0 o ]
2 '&/ a
o Ll Ll Ll L]
0 100 200 300 400
Time (min)
- Intra particle diffusion
© Fungi O Melanin a
80 4
v
= 60 4
® s
E
& 40 o
20 ; % ¢
0 T T T
0 5 10 15 20
t;\l/Z

Figure 4. Biosorption kinetics models of Cr(VI) ions onto the used fungal biomass and the biosynthe-

sized melanin particles.

Table 4. Kinetic models for biosorption of Cr(VI) ions onto the used fungal biomass and the biosyn-

thesized melanin particles.

Kinetic Model Fungal Biomass Melanin
qe (mg/g) Calculated 69.4148 163.531
qe (mg/g) Experimental 629 86.400
Pseudo-first-order
ki (min~1) —0.015 0.015
R? 0.774 0.707
qe (mg/g) Calculated 85.825 107.704
qe (mg/g) Experimental 62.9 86.400
Pseudo-second-order ks (g/mg min) 001 0.0048
R? 0.678 0.235
8 (g/mg) 15.137 21.853
Elovich a (mg/g min) —32.062 —60.041
R? 0.820 0.692
Kj, 3.888 5.748
Intra-particle diffusion G —5.933 —23.697
R? 0.900 0.844
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The pseudo-second-order model posits that the biosorption capacity is directly pro-
portional to the amount of occupied active sites on the biosorbent surface and that the
rate-limiting step in biosorption may involve valence forces through sharing or exchanging
electrons between the biosorbent and the adsorbate [76]. The low correlation coefficient
(R?) and the significant difference between the calculated biosorption capacity values
(Qealculated) and the experimental ones (Qexperimental) Specify that this model is not appropri-
ate to describe the kinetics of Cr(VI) ions biosorption onto the used biosorbent particles.
Elovich kinetic model can be used to identify heterogeneous adsorbents and their role in
the adsorption process, but it does not predict any specific adsorption mechanism [42]. The
Elovich kinetic model has low R? values, which makes sense because the kinetic data were
well-fitted to the pseudo-first-order model. This indicates that the biosorption process is
physical, while the Elovich model is more suited to describe chemosorption processes.

The steps that control the biosorption rate were elucidated using the intraparticle
diffusion model. The three separate regions with varied slopes (Kjq) and intercepts (C;)
that did not pass through the origin (Figure 4) revealed that the biosorption process of
Cr(VI) ions onto the used biosorbent particles was not influenced by the intra-particle
diffusion alone but was also affected by more than one process. The intra-particle diffusion
model fits the data well, with a high correlation coefficient (0.900 and 0.844) for the used
fungal biomass and the biosynthesized melanin, respectively. Data from Table 5 display a
comparison of the biosorption capacity of Cr(VI) ions using fungal biomass and melanin.

Table 5. Comparison of the maximum biosorption capacity of Cr(VI) ions onto the used fungal
biomass and the extracellular melanin particles with those of previous studies.

Adsorbent qm (mg/g) Reference
Fungal biomass and melanin 485.747 and 595.974 Current study
Removal of Cr(VI) by polyethyleneimine-impregnated activated carbon 114 [77]
Biosorption of chrqmlum metal ions onto 43.478 139]
Ludwigia stolonifera

Biosorption of Cr(VI) by Bacillus megaterium and Rhodotorula sp. inactivated

: 34.80 [56]
biomass

Melanin-embedded materials effectively remove Cr(VI) 19.60 and 6.24 for IMB and CMB [78]
Melanin nano pigment from Pseudomonas stutzeri 126.9 [79]
Equilibrium and kinetic studies of copper(II) removal by fungal biomasses 7.74 and 12.08 [74]

3.7. Decision Tree Learning Algorithm

The data from the equilibrium isotherms and kinetic studies (Tables 6 and 7) for both
fungal biomass and melanin were used for constructing the DT. For each tree, the data were
split into two sets: 70% training and 30% testing. Upon performing the learning process,
the predicted and error values mutually with the terminal nodes, were determined for both
absorbents (fungal biomass and melanin).

DT begins with a root node and ends up with many branches and roots, i.e., many
solutions. The root node is the first node encountered when traversing the tree during
the prediction process. From the root node, the decision tree branches into internal nodes
(decision nodes) based on different attribute values, and eventually, the leaves (terminal
nodes) are reached, providing the final predictions or decisions.

DT creates classifications for the input variables (categorical and/or continuous). As
a result, the population can be divided into two or more homogeneous groups. These
homogeneous sets are built using the most substantial differentiator on the input vari-
ables [27,80]. No information is available about the combination of DT with equilibrium
isotherms and kinetic studies for the determination of relative variable importance and
modeling the biosorption process. Herein, DT was applied to handle our suggestion re-
garding identifying the most incredible biosorption parameters and predicting the optimal
range of these parameters.
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Table 6. The array equilibrium isotherms and kinetic data for maximization of Cr(VI) removal by the

biomass of A. pullulans, and the predicted and error values as well as terminal nodes of the DT at

each data point.

Tested Parameter

Cr(VI) Removal, %

Isotherm or Run Actual Decision Tree
Kimetic Test Time, min Cr(VID), Biomass pH  Value Mean Type Fitted Error Terminal Node
i mg/mL (/100 mL)

1 10 10 0.010 5 13.44 13.46 £ 0.11 Test 14.64 —1.20 1

2 20 10 0.010 5 15.41 1525+ 0.14 Test 14.64 0.77 1

3 30 10 0.010 5 17.88 17.87 +0.07 Training 17.87 0.01 2

4 60 10 0.010 5 19.35 19.56 = 0.19 Test 20.69 -1.34 3

Contact time 5 120 10 0.010 5 21.11 21.24 £0.15 Training 20.69 0.42 3

6 180 10 0.010 5 29.23 30.35+ 1.15 Test 30.31 —1.08 4

7 240 10 0.010 5 53.00 54.02 £1.01 Training 59.48 —6.48 9

8 280 10 0.010 5 62.50 62.99 +0.72 Test 62.65 —-0.15 10

9 300 10 0.010 5 70.95 71.82 +1.03 Training 71.25 —0.30 13

10 240 5 0.010 5 68.25 69.45 + 1.05 Training 69.45 -1.19 8

11 240 10 0.010 5 53.34 54.08 £0.79 Training 59.48 —6.15 9

Initial Cr(VI) 12 240 50 0.010 5 5045 5170+ 121 Test 52.32 ~1.86 11

13 240 100 0.010 5 35.96 36.87 +1.03 Test 25.24 10.72 16

14 240 200 0.010 5 19.43 20.03 £ 0.86 Training 25.24 —5.81 16

15 240 10 0.005 5 33.04 33.05 £ 0.99 Training 33.05 —0.01 5

16 240 10 0.010 5 50.84 50.61 £ 0.65 Training 59.48 —8.64 9

Melanin 17 240 10 0.050 5 59.54 60.26 & 0.81 Training 59.48 0.06 9

18 240 10 0.100 5 71.59 72.33 +0.92 Training 72.33 —0.74 14

19 240 10 0.200 5 85.32 85.58 + 0.86 Training 85.58 —0.26 15

20 240 10 0.010 2 98.25 98.16 &= 0.94 Test 99.04 —0.78 6

21 240 10 0.010 4 82.88 83.67 £ 0.69 Training 83.67 -0.79 7

oH 22 240 10 0.010 5 79.32 79.16 & 1.06 Test 59.48 19.84 9

23 240 10 0.010 7 52.32 52.19 £0.89 Test 52.13 0.19 12

24 240 10 0.010 9 23.87 24.61 £0.73 Test 24.65 —0.78 17

25 240 10 0.010 11 6.53 6.65 £ 0.30 Training 6.65 —0.11 18

1 10 10 0.010 5 13.36 Test 14.64 —1.28 1

2 20 10 0.010 5 15.15 Training 14.64 0.51 1

3 30 10 0.010 5 17.94 Training 17.87 0.07 2

4 60 10 0.010 5 19.73 Training 20.69 —0.96 3

Contact time 5 120 10 0.010 5 21.22 Training 20.69 0.53 3

6 180 10 0.010 5 31.52 Test 30.31 121 4

7 240 10 0.010 5 54.04 Test 59.48 —5.44 9

8 280 10 0.010 5 62.65 Training 62.65 0.00 10

9 300 10 0.010 5 72.97 Test 71.25 171 13

10 240 5 0.010 5 69.88 Training 69.45 0.43 8

11 240 10 0.010 5 54.92 Training 59.48 —4.56 9

Initial Cr(VI) 12 240 50 0.010 5 5177 Training ~ 52.32 ~0.55 11

13 240 100 0.010 5 37.99 Test 25.24 12.74 16

14 240 200 0.010 5 19.64 Training 25.24 —5.60 16

15 240 10 0.005 5 32.07 Training 33.05 -0.99 5

16 240 10 0.010 5 49.88 Training 59.48 —9.61 9

Melanin 17 240 10 0.050 5 60.09 Test 59.48 0.61 9

18 240 10 0.100 5 72.03 Training 72.33 —-0.29 14

19 240 10 0.200 5 84.88 Training 85.58 —-0.70 15

132



Polymers 2023, 15, 3754

Table 6. Cont.

Tested Parameter

Cr(VI) Removal, %

Isotherm or Run Actual Decision Tree
Cinetic Test Time, min Cr(vD, Biomass pH  Value Mean Type Fitted Error Terminal Node
v mg/mL (g/100 mL)
20 240 10 0.010 2 97.17 Test 99.04 —1.86 6
21 240 10 0.010 4 83.99 Training 83.67 0.32 7
oH 22 240 10 0.010 5 78.03 Training 59.48 18.55 9
23 240 10 0.010 7 51.25 Training 52.13 —0.88 12
24 240 10 0.010 9 24.65 Training 24.65 0.00 17
25 240 10 0.010 11 6.42 Training 6.65 —0.22 18
1 10 10 0.010 5 13.58 Training 14.64 —1.06 1
2 20 10 0.010 5 15.20 Training 14.64 0.56 1
3 30 10 0.010 5 17.79 Training 17.87 —0.07 2
4 60 10 0.010 5 19.60 Test 20.69 —1.09 3
Contact time 5 120 10 0.010 5 21.40 Test 20.69 0.71 3
6 180 10 0.010 5 30.31 Training 30.31 0.00 4
7 240 10 0.010 5 55.02 Test 59.48 —4.46 9
8 280 10 0.010 5 63.81 Test 62.65 1.16 10
9 300 10 0.010 5 71.55 Training 71.25 0.30 13
10 240 5 0.010 5 70.21 Training 69.45 0.77 8
11 240 10 0.010 5 54.00 Training 59.48 —5.48 9
Initial Cr(VI) 12 240 50 0.010 5 52.86 Training 52.32 0.55 11
13 240 100 0.010 5 36.65 Training 25.24 11.41 16
14 240 200 0.010 5 21.02 Test 25.24 —4.22 16
15 240 10 0.005 5 34.04 Training 33.05 0.99 5
16 240 10 0.010 5 51.12 Test 59.48 —8.36 9
Melanin 17 240 10 0.050 5 61.13 Training 59.48 1.65 9
18 240 10 0.100 5 73.35 Training 72.33 1.03 14
19 240 10 0.200 5 86.54 Training 85.58 0.96 15
20 240 10 0.010 2 99.04 Training 99.04 0.00 6
21 240 10 0.010 4 84.14 Training 83.67 0.47 7
oH 22 240 10 0.010 5 80.13 Training 59.48 20.65 9
23 240 10 0.010 7 53.02 Training 52.13 0.88 12
24 240 10 0.010 9 25.32 Test 24.65 0.67 17
25 240 10 0.010 11 6.99 Training 6.65 0.34 18

Table 7. The array equilibrium isotherms and kinetic data for maximization of Cr(VI) removal by the

melanin of A. pullulans, and the predicted and error values, as well as terminal nodes of the DT at each

data point.
Cr(VI) Removal, %
Isotherm or Run Tested Parameters Actual Decision Tree
Kinetic Test . . Cr(VI), Melanin . .
No. Time, min m glmL’ (/100 mL) pH  Value Mean Type Fitted Error Terminal Node
1 10 10 0.010 5 9.95 9.84 +0.14 Test 10.05 —0.10 1
2 20 10 0.010 5 9.32 9.46 +0.24 Test 10.05 —0.73 1
3 30 10 0.010 5 10.45 10.09 £ 0.45 Training 10.05 0.40 1
4 60 10 0.010 5 10.36 10.13 + 0.49 Test 10.05 0.31 1
Contact time 5 120 10 0.010 5 10.73 10.11 £ 0.59 Training 10.05 0.68 1
6 180 10 0.010 5 22.21 23.14 +0.93 Test 23.14 —0.92 2
7 240 10 0.010 5 68.23 69.40 + 1.16 Training 64.91 3.32 5
8 280 10 0.010 5 84.55 86.41 +1.79 Test 89.07 —4.52 6
9 300 10 0.010 5 89.05 90.04 + 0.99 Training 89.07 —0.02 6
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Table 7. Cont.

Cr(VI) Removal, %

Isotherm or Run Tested Parameters Actual Decision Tree
Kinetic Test . . Cr(VI) Melanin . .
No. Time, min m g/mL’ (/100 mL) pH  Value Mean Type Fitted Error Terminal Node
10 240 5 0.010 5 70.12 70.39 £ 0.95 Training 64.91 5.21 5
11 240 10 0.010 5 57.18 58.14 £0.97 Training 64.91 -7.73 5
Initial Cr(VI) 12 240 50 0.010 5 61.49 61.72 +0.88 Test 64.91 —3.42 5
13 240 100 0.010 5 48.88 48.91 £ 0.94 Test 33.33 15.55 8
14 240 200 0.010 5 26.00 25.05 4+ 0.95 Training 33.33 —7.33 8
15 240 10 0.005 5 30.20 30.56 + 1.21 Training 30.56 —0.36 3
16 240 10 0.010 5 52.22 5228 £0.91 Training 64.91 —12.69 5
Melanin 17 240 10 0.050 5 66.95 66.96 + 1.00 Training 64.91 2.04 5
18 240 10 0.100 5 83.90 83.77 £0.95 Training 86.75 —2.85 7
19 240 10 0.200 5 89.65 89.73 + 0.89 Training 86.75 2.90 7
20 240 10 0.010 2 98.76 98.83 £ 0.98 Test 95.36 3.40 4
21 240 10 0.010 4 93.88 93.87 £ 0.90 Training 95.36 —1.49 4
oH 22 240 10 0.010 5 77.69 77.82 +0.92 Test 64.91 12.78 5
23 240 10 0.010 7 65.12 65.59 + 1.02 Test 64.91 0.21 5
24 240 10 0.010 9 40.25 40.21+0.98 Test 41.18 —0.93 9
25 240 10 0.010 11 24.85 24.83 + 1.06 Training 24.83 0.02 10
1 10 10 0.010 5 9.68 Test 10.05 —0.37 1
2 20 10 0.010 5 9.73 Training 10.05 -0.32 1
3 30 10 0.010 5 10.23 Training 10.05 0.18 1
4 60 10 0.010 5 10.45 Training 10.05 0.40 1
Contact time 5 120 10 0.010 5 10.06 Training 10.05 0.01 1
6 180 10 0.010 5 24.07 Test 23.14 0.94 2
7 240 10 0.010 5 69.42 Test 64.91 4.51 5
8 280 10 0.010 5 88.12 Training 89.07 —0.95 6
9 300 10 0.010 5 91.03 Test 89.07 1.96 6
10 240 5 0.010 5 71.46 Training 64.91 6.55 5
11 240 10 0.010 5 58.13 Training 64.91 —6.78 5
Initial Cr(VI) 12 240 50 0.010 5 60.98 Training 64.91 —3.93 5
13 240 100 0.010 5 47.99 Test 33.33 14.66 8
14 240 200 0.010 5 24.11 Training 33.33 —9.22 8
15 240 10 0.005 5 3191 Training 30.56 1.35 3
16 240 10 0.010 5 51.40 Training 64.91 —13.51 5
Melanin 17 240 10 0.050 5 65.97 Test 64.91 1.06 5
18 240 10 0.100 5 82.77 Training 86.75 —3.98 7
19 240 10 0.200 5 88.88 Training 86.75 2.13 7
20 240 10 0.010 2 97.89 Test 95.36 2.53 4
21 240 10 0.010 4 92.97 Training 95.36 —2.40 4
oH 22 240 10 0.010 5 78.79 Training 64.91 13.88 5
23 240 10 0.010 7 66.77 Training 64.91 1.86 5
24 240 10 0.010 9 41.18 Training 41.18 0.00 9
25 240 10 0.010 11 25.88 Training 24.83 1.04 10
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Table 7. Cont.

Cr(VI) Removal, %

Isotherm or Run Tested Parameters Actual Decision Tree

inetic Test No. Time, min r(:g(/‘g;: (gl\;[ﬁ]lg I::E) pH  Value Mean Type Fitted Error Terminal Node

1 10 10 0.010 5 9.88 Training 10.05 —0.18 1

2 20 10 0.010 5 9.33 Training 10.05 —0.72 1

3 30 10 0.010 5 9.58 Training 10.05 —047 1

4 60 10 0.010 5 9.57 Test 10.05 —0.49 1

Contact time 5 120 10 0.010 5 9.54 Test 10.05 —0.51 1

6 180 10 0.010 5 23.14 Training 23.14 0.00 2

7 240 10 0.010 5 70.54 Test 64.91 5.63 5

8 280 10 0.010 5 86.54 Test 89.07 —2.53 6

9 300 10 0.010 5 90.05 Training 89.07 0.97 6

10 240 5 0.010 5 69.61 Training 64.91 4.70 5

11 240 10 0.010 5 59.12 Training 64.91 —5.79 5

Initial Cr(VI) 12 240 50 0.010 5 62.69 Training 64.91 —2.22 5

13 240 100 0.010 5 49.87 Training 33.33 16.55 8

14 240 200 0.010 5 25.04 Test 33.33 —8.29 8

15 240 10 0.005 5 29.56 Training 30.56 —0.99 3

16 240 10 0.010 5 53.22 Test 64.91 —11.69 5

Melanin 17 240 10 0.050 5 67.97 Training 64.91 3.06 5

18 240 10 0.100 5 84.65 Training 86.75 —2.10 7

19 240 10 0.200 5 90.65 Training 86.75 3.90 7

20 240 10 0.010 2 99.84 Training 95.36 4.48 4

21 240 10 0.010 4 94.76 Training 95.36 —0.60 4

oH 22 240 10 0.010 5 76.97 Training 64.91 12.06 5

23 240 10 0.010 7 64.89 Training 64.91 —0.02 5

24 240 10 0.010 9 39.22 Test 41.18 -1.96 9

25 240 10 0.010 11 23.77 Training 24.83 —1.07 10

3.7.1. Selection of DT

The terminal nodes were plotted versus R? (Figure 5) for fungal biomass, and melanin,
to identify the smallest regression tree that maximizes the R? value. Regarding Cr(VI)
removal by the fungal biomass, 18 terminal nodes represent 18 trees that were produced
from the validation samples, whereas for melanin as absorbent, there are 10 terminal nodes
and 10 trees. The R? values of the validation samples for both adsorbents exemplary
level off as the tree grows. The maximized R? values for the optimal regression tree were
96.26, and 96.70% (for training) and 94.60 and 95.90% (for testing), for fungal biomass and
melanin, respectively. These trees had a maximum R? value.

Accordingly, the tree was built and the distinction of terminal nodes on the diagram
was explored. The DT diagrams for the two absorbents (Figures 6 and 7) depict all 75 cases
from the whole data set. The goal was to discover the greatest Cr(VI) removal means with
the fewest standard deviations.

For the fungal biomass, the terminal node No. 6 was the best node, achieving 99.07%
Cr(VI) removal, whereas, for melanin, the terminal node No. 4 achieved 95.36% Cr(VI)
removal, but this node was not selected because it had large standard deviation, being 2.66,
instead, the terminal node No. 6 (89.07% Cr(VI) removal) was selected as the best terminal
node of the DT. These nodes had a maximum R? value with a standard deviation of less
than 1.

Regarding the absorption of Cr(VI) by fungal biomass, the first node started with
50 cases and split at two branches of contact time, i.e., <210 and >210 min. The latter was
the best, and split to pH > 8 and < 8, the latter was also split based on initial Cr(VI) into the
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terminal node of Cr(VI) > 75 mg/mL, and node 6 Cr(VI) < 75 mg/mL, which subdivided
into terminal node 4 of fungal biomass < 0.0075 g, and node 7 of fungal biomass > 0.0075 g,
leading finally to optimum terminal node 5, the node rules were contacting time > 210 min,
initial Cr(VI) <75 mg/mL, fungal biomass > 0.0075 g, and pH < 3 with the highest Cr(VI)
removal (99.04%, with lowest SD value = 0.5393), followed by the terminal node 15 (85.58%,
with SD value = 0.7046). The other terminal nodes did not show further improvements.
Alternatively, terminal node 1 has the smallest Cr(VI) removal (14.64%), suggesting that
the data in the terminal node are probably skewed.

Fungal biomass

Optimal = 94.60

100

80

707

R-squared (%)

501

40

0 5 10 15 20
Number of Terminal Nodes

Melanin

Optimal = 95.90

951

857

R-squared (%)

751

70

65 L T T T T
0 s 10 15 20

Number of Terminal Nodes

Figure 5. The plots of the number of terminal nodes versus R? generated by a DT for Cr(VI) removal

by fungal biomass, and melanin.
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Figure 6. The optimal decision tree diagram of the Cr(VI) removal (%) using fungal biomass. A total
of 75 equilibrium isotherms and kinetic data points were employed in the DT to predict the optimum
conditions for Cr(VI) removal. The squares contain the data utilized for node selection.
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Figure 7. The optimal decision tree diagram of the Cr(VI) removal (%) using melanin. A total of
75 equilibrium isotherms and kinetic data points were employed in the DT to predict the optimum

conditions for Cr(VI) removal. The squares contain the data utilized for node selection.
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Regarding the absorption of Cr(VI) by melanin, such as fungal biomass DT, the first
node uses 50 cases and is split at two levels of contact time, i.e., <210 and >210 min.
The latter was split into pH > 8 and <8, and the latter was split into several nodes and
terminal nodes, where terminal node 4 was the best in Cr(VI) removal (95.36%) of the
entire DT. However, this point was not a suitable one since it recorded a high value of
SD (2.6643). Node 6 has been the second, recording (89.04%), with a SD value of 0.7856,
which is less than the overall SD. The role of the terminal node was contact time, min > 260,
Cr(VI) <75 mg/mL, 0.0075 < melanin (g) < 0.075, 4.5 < pH <= 8. No further improvements
could be observed on the DT terminal nodes.

3.7.2. Evaluation of the DT Models

The error statistics of both DT models were calculated (Table 8). The accuracy of
the resulting two trees was specified with high R-squared, and low values of the error
measurements (RMSE, MSE, MAD, and MAPE) for training and testing processes. However,
it is obvious that the four tested parameters in the two DTs were important predictors,
furthermore, the DT of fungal biomass has a lower error rate in comparison to the DT
of melanin, this conclusion is conversely to that obtained by the equilibrium isotherms
and kinetics data, suggesting that DT can help improve the accuracy of Cr(VI) removal by
discovering the optimum overall situation sittings that maximize the biosorption process.

Table 8. Model summary structure and statistics of decision tree supervised machine learning
algorithm for Cr(VI) removal using fungal biomass, and melanin.

Fungal Biomass Melanin
Total predictor 4 4
Important predictor 4 4
Model Summary Terminal node 18 10
Minimum tgrminal node 1 1
size
Training Test Training Test
R?, % 96.26 94.60 96.70 95.90
Root mean squared error 5.0599 5.7665 5.4176 6.1535
Mean squared error 25.6025 33.2528 29.3509 37.8658

Statistics
Mean absolute deviation 2.4584 3.3704 3.5080 3.9997

Mean absolute percent error ~ 0.0557 0.0832 0.0700 0.0855
Standard deviation 26.4345 25.3274 30.1164 31.0030
Number of cases 50 25 50 25

3.7.3. Relative Importance of the Variable

The relative importance of the variables for both DTs was computed as the increasing
percentage relative to the leading variable. Figure 8 shows that the four predictors in both
DTs are important to the tree. Contact time was the leading predictor in both trees (fungal
biomass and melanin) since it has a relative importance of 100% contribution in Cr(VI)
removal. The other variables are standardized concerning the most important predictor. As
a result, the significance of each variable can be simply interpreted. The leading variable
is often identified as the one with the maximum improvement score (and hence regarded
as 100% critical), and the remaining variables are sorted consequently [9]. Surrogate or
primary splitters in the DT are considered crucial variables. The most essential variable is
always given 100% relative importance, while the non-important variable is not represented
in the tree. Regarding fungal biomass DT, relative importance in descending order was
contact time (100%) > pH (96.6%) > fungal biomass dose (43.4) > initial Cr(VI) concentration
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(39.6%), whereas for melanin DT was contact time (100%) > pH (31.4%) > melanin dose
(25.7%) > initial Cr(VI) concentration (20.3%).

Contact time, min

pH

Biomass (g)

Cr(V1), mg/ml Fungal biomass

T T T T T 1

0 20 40 60 80 100
Relative Importance (%)

Contact time, min

pH

Melanin (g)

Cr(V1), mg/ml

T T T T 1

0 20 40 60 80 100
Relative Importance (%)

Figure 8. The relative importance of the 4 tested parameters on Cr(VI) removal by fungal biomass or
melanin as inferred by the DT.

Despite the positive importance of the four variables for both DTs, the relative impor-
tance discloses that contact time must be strongly considered to be accurately regulated and
kept tracked during the Cr(VI) removal process. The role of contact time was more obvious
in melanin DT than in fungal biomass DT. Determination of the relative importance values
can assist in deciding which variables should be regulated, monitored, or excluded. In this
assembly, the initial Cr(VI) concentration in melanin DT has the lowest relatively important
value (20.3%) concerning contact time. This conclusion comes in line with the goal of
the present work, in which the current DTs show efficient accuracy in the detection of
these kinds of hidden relationships among tested parameters compared to the equilibrium
isotherms and kinetic studies.

3.7.4. Validation of DT Models

Both DT models were experimentally validated. The forecast levels of each of the four
tested parameters were determined at various nodes (Table 9). The laboratory validation
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experiments were carried out in triplicate to validate the procedure conditions estimated
from both DT models. When compared to projected values, the experimental Cr(VI)
removal date corroborated and validated the fitness of both models. At various nodes,
the Cr(VI) removal by both models was confirmed. The speculative values of the ideal
levels that maximize Cr(VI) removal by the four variables were also validated. The only
exception was nodes number 4 (86.04%), and 7 (80.21%) in the DT model of melanin,
which showed shifting by —9, and —6.5% in comparison to the predicted levels (95.36
and 86.75%), respectively. This is expected and can be attributed to the high value of the
standard deviation of the node (Figure 7). Interestingly, DT modeling of fungal biomass
was found to be better than melanin in the Cr(VI) removal process. One other positive
outcome of the current validation is that both DTs effectively introduce more alternative
solutions for the Cr(VI) removal process, in comparison to the equilibrium isotherms and
kinetic data.

Table 9. The expected variables conditions that were projected based on the DT models for fungal
biomass, and melanin as well as the expected and actual values of Cr(VI) removal.

Investigated Parameters Cr(VI) Removal, %
DT Model  Contact  Initial Cr(VI),  Fungal Terminal
. ontac. ftial LV, runga Melanin (g) pH Predicted Actual Node
Time, min mg/mL Biomass (g)

220 70 0.100 - 3.0 99.04 98.28 +0.24 6
Fungal 230 75 0.050 - 4.0 83.67 86.00 + 0.56 7
biomass

240 75 0.120 - 5.0 85.33 84.35 + 0.80 15

240 75 - 0.100 45 95.36 86.04 £ 0.50 4
Melanin 280 70 - 0.070 5.0 89.07 91.22 +0.29

220 70 - 0.100 5.0 86.75 80.21 £0.28 7

3.8. Surface Topology, and Chemistry of the Biosorbents
3.8.1. FT-IR Spectral Analysis

The FT-IR analysis was applied to explore the vibrations of the characteristic functional
groups of the fungi biomass, and melanin as well as chromium ions adsorbed on the surface
of fungi biomass, and melanin [79]. The results of FT-IR spectral analysis (Figure 9 and
Table S1) for the pure fungi powder (F) revealed the appearance of an absorption band
ascribed to a medium N-H or OH stretching group identified at v = 3272.99 cm~! with a
shift recorded in the value of the same group for chromium adsorbed on fungi biomass
(F-Cr) at v = 3281.85 cm ™~ !. The stretching absorption bands of OH or N-H stretching group
in the case of melanin (M) and chromium adsorbed on melanin (M-Cr) were specified at
wavenumbers (v) 3289.57, and 3311.59 cm ™!, respectively. A previous study supported
that this range of wavenumbers is related to OH groups [79].

The low to high shift in values of peak wavenumbers is ascribed to the binding of
chromium to the -OH and —-NH functional groups [81]. The wavenumber value in the case of
M-Cr was shifted from the value of the same group in the analysis of melanin (M). The strong
broad absorption band due to C-H stretching appeared in the analysis of all samples with
a slight shift in the case of chromium ions adsorbed on fungi, and melanin surfaces within
v =2921.32-2923.82 cm 1. The shifted intensity of the C-H stretching peak specified the bind-
ing of Cr(VI) to the C-H group of melanin, and fungi biomass. The FT-IR data verified the dis-
tinctive absorption bands attributed to the sp3 C-H stretching group at v = 2851.54 cm ™! (F),
attended by a slight shift for F-Cr at v = 2853.71 cm~!, v = 2853.50 cm~! (M), and
v = 2852.89 cm~! (M-Cr). Specifically, a strong stretching absorption band was noticed
in the FT-IR analysis of melanin at v = 2323.61 cm ™! is ascribed to the O=C=0 group, and
disappeared in the analysis of M-Cr. This result supported the participation of the O=C=0
group in the adsorption process of chromium ions on the melanin surface.
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Figure 9. The FT-IR spectral chart of the used fungal biomass and its extracellular melanin before
and after Cr(VI) biosorption.

Similarly, absorption bands ascribed to the stretching C-H group appeared in the
analysis of melanin within v = 2170.03-2011.0 cm ! along with the disappearance of these
absorption bands in the analysis of M-Cr. The data of the melanin sample referred to
the presence of a stretching carbonyl ester group at v = 1740.66 cm ™! with a slight shift
in the value of this band at v = 1740.82 cm~! in the analysis of M-Cr. The fact that the
shifted values of carbonyl groups reinforced the contribution of this group in the absorption
of chromium ions. Alternatively, a strong absorption band related to stretching amide
carbonyl group was noticed in all samples at v = 1608.82 cm ! (F), v = 1632.11 cm~! (F-Cr),
v =1627.26 cm~! (M), and v = 1624.12 cm™~! (M-Cr). Predominantly, the FT-IR data of
fungi sample indicated the presence of absorption bands at v = 1589.78, and 1513.92 cm ™!
owing to medium bending N-H groups. The disappearance of absorption bands in these
regions in the analysis of F-Cr verified the adsorption of chromium ions on the fungi surface
with the aid of N-H groups. The FI-IR analyses of melanin, and Cr-adsorbed on melanin
surface revealed the absence of the characteristic absorption bands in the regions of N-H
groups [78]. In addition, bending O-H groups appeared in the analysis of fungi within v =
1416.81-1330.35 cm !, while these values were intensively shifted in the analysis of F-Cr
(v = 1443.78-1315.49 cm ™ !). The analysis of melanin revealed medium absorption bands
at v = 1413.49, and 1370.51 cm ™! attributed to the bending O-H group, although one of
these bands disappeared, and the other absorption band was shifted at v = 1374.93 cm ™! in
the analysis of M-Cr. The stretching C-N groups were documented for all samples with a
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slightly shifted value at v = 1244.81 (F), v = 1248.68 (F-Cr), v = 1232.96 (M), and v = 1238.20
cm~! (M-Cr). The shift of peak to higher wavenumber values indicated the chemisorption
of Cr(VI) to the functional groups. Our results are in accordance with the previous report
concerning the interpretation of the C-N group, and the increased shift in intensity [79].
Correspondingly, stretching absorption bands assigned for Cr=0 groups appeared at v
=1035.11 cm~! (F-Cr), and for M-Cr at v = 1025.67 cm~! indicating the adsorption of
chromium as dichromate anions on the surface of fungi biomass and melanin [82,83]. An
absorption band at v= 840.55 cm ! was established for strong bending vibration of the C-H
group in the FT-IR analysis of melanin, this absorption band disappeared in the analysis
of F-Cr. The disappearance of the C-H group is related to the involvement of this group
in the adsorption of chromium ions on the fungi biomass. The spectral of FI-IR revealed
absorption bands at v = 525.47, 471.52 (F), v = 486.78 (F-Cr), v = 482.99, and 425.76 (M)
owing to phenyl rings, while this band was not recorded for the sample of M-Cr. Cr(VI)
ions predominantly bind to fungi biomass, and melanin as negatively charged HCrO, !
and CryO4 2 groups to positively charged sites or functional groups of fungi, and melanin.
The introduction of oxygen and hydrogen atoms in the adsorbed complex of Cr(VI) might
be the cause for increased perceived % transmittance [84]. The interpretations of the FT-IR
verified that the adsorbent has active sites for Cr(VI) adsorption.

3.8.2. SEM Investigation

The SEM image of biomass cells of A. pullulans AKW, and its melanin particles were
investigated against Cr(VI) ions using two different magnification powers. The Cr(VI)-
unloaded biomass cells of A. pullulans Akw, showed to be characterized by the regular
and homogenous shape of the cells (Figure 11(A1,A2)). In the treated fungal biomass with
Cr(VI), detectable alterations in morphology (cell shape, size, and surface features), and
also indentation in cells, clear deformation, shrinking of cells, flighting, and some distortion,
with enlargement, could be noticed (Figure 11(B1,B2)). Our results are in harmony with the
previous findings that pointed out that the uptake and accumulation of heavy metals by
fungal cells, caused morphological alteration, physiological damage, molecular disturbance,
ultrastructural changes, and inhibition of the antioxidant system [85,86]. Similarly, the SEM
images of extracellular melanin particles before and after the adsorption process of Cr(VI)
were investigated. The controlled sample of melanin particles (Figure 11(C1,C2)) appeared
to be more amorphic and opaque, while, the treated melanin (Figure 11(D1,D2)) showed
flourished amorphous particles as a result of Cr(VI) ions. The image showed also changes
in the aggregation pattern and the surface appearance of the melanin particles, including
texture, shape, and aggregation of the particles. Similar conclusions were reported during
the examination of the structure of natural and synthetic eumelanin using SEM [87].

Figure 10. Cont.
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Figure 11. SEM photographs of the fungi biomass and melanin before and after Cr(VI) biosorption,
showing fungal biomass before (A1,A2) and after (B1,B2) adsorption, as well as melanin particles
before (C1,C2), after (D1,D2) adsorption.

Melanin and fungal biomass have better morphology to adsorb Cr(VI), and their
surfaces are rich with porous which acquire Cr(VI). This provides favorable conditions for
the bioadsorption process of organic pollutants [88]. The adsorbent surface of melanin and
fungal biomass profoundly adsorbed Cr(VI) ions in the inner walls.

3.8.3. EDX Analyses

The analysis of fungal biomass revealed the presence of carbon (75.97%), and oxygen
(23.32%) as the main elements, along with rare elements such as chlorine, potassium,
calcium, copper, and zinc. The analysis of Cr(VI) adsorbed on fungal biomass indicated the
adsorption of Cr(VI) with 1.39% of weight %, and 0.35% of atomic percentage. Hereafter, it
is established that the treatment of melanin, and fungal biomass with Cr(VI) solution does
not destroy any of the basic functional groups of the adsorbent [89].
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The images of the EDX analyses of melanin, fungal biomass, and Cr(VI) ions adsorbed
on their surfaces are shown in Figure 12. The results of melanin indicated the presence of
carbon (68.44%), and oxygen (30.24%) as the major elements with rare atomic percentages
for potassium, copper, and zinc. The melanin-adsorbed Cr(VI) displayed the presence of
Cr(VI) with 1.34% of the weight and 0.34% of atomic percentages. Similarly, the analyses
were applied for fungi biomass, and melanin as well as chromium ions adsorbed on their
surface to examine the possible adsorption of Cr(VI) ions on their surfaces [79]. Our results
are in line with the results obtained by [90].

Element | Weight % | Atomic %
CK 69.10 7597
OK 28.26 23.32
ClK 0.17 0.06
KK 0.35 0.12
CaK 0.72 0.24
CukK 0.79 0.16
Foull Scalz 6695 c?s Cuvso? 0. oooB ZnK 0.62 0.13
Element | Weight % Atomic %
CK 79.74 86.08
OK 15.82 12.82
AlK 0.06 0.03
KK 042 0.14
CaK 0.53 0.17
CrK 1.39 0.35
. - CuK 1.29 0.26
Full Scale 6695 s Cursor- 0.000° ZnK 0.74 0.15
El t | Weight% | Atomic %
CK 59.22 68.44
OK 3486 3024
KK 0.32 0.11
CukK 340 0.74
0 2 4 6 8 ZnK 220 047
Full Scale 6695 cts Cursor. 0.000
El t | Weight % | Atomic %
CK 76.81 83.26
OK 19.30 15.70
KK 031 0.10
CakK 118 0.38
CrK 134 0.34
CukK 0.69 0.14
Foull Scalg 6695 c?s Curso% 0 0008 ZnK 0.37 0.07
Melanin + Cr(VI)

Figure 12. EDX-analyses of the fungi biomass and melanin before and after Cr(VI) biosorption.

Based on the current studies, it is supposed that Cr(VI) may interact with the sur-
face of the biomass or melanin through a variety of mechanisms, including hydrophobic
interactions, electrostatic interactions, and hydrogen bonding.

3.9. Interaction Mechanism of Cr(V1) lons onto the Biosorbent Particles

The biosorption of Cr(VI) is affected by the nature of the functional groups in the metal
ion, the textural and surface properties of the used biosorbent materials, the diffusion of
the metal ion molecules to the used biosorbent, and how the metal ion molecules interact
with the used material particles. The surface of the used biosorbent particles has pronated
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hydroxyl groups (-OH;*) and (-NHy;), which enable them to electrostatically interact with
negatively charged Cr,O7%~. Moreover, the abundant hydroxyl groups are highly capable
of forming hydrogen bonds with CrO4%~, and HCrO, ~. Taken collectively, the combination
of hydrogen bonding and electrostatic attraction could maximize the biosorption of Cr(VI)
onto the used biosorbent particles. The removal percentage of Cr(VI) ions increased under
acidic conditions, while decreasing under basic conditions, indicating that electrostatic
attraction plays a critical role in the biosorption of negative Cr(VI) ions onto the used
biosorbent particles surface (Figure 13).

interactio

Figure 13. Binding mechanism of Cr(VI) ions onto the used biosorbent particles.

4. Conclusions

The comparative study involving fungus, A. pullulans AKW biomass and its extracel-
lular melanin particles as biosorbent agents for Cr(VI) ions was conducted. The parameters
of contact time, initial concentration of Cr(VI), biosorbent dosages (fungal biomass or
melanin), and pH with their influence on the biosorption process of Cr(VI) ions were inves-
tigated. Equilibrium isotherms were applied for experimental data. Langmuir model was
shown to be more favorite for the biosorption process compared to the Freundlich isotherm.
As well as, the Temkin isotherm fit well with the experimental data, indicating the energetic
homogeneity of the biosorption sites and chemisorption process for fungus biomass and
melanin. Regarding the kinetic studies, the biosorption process obeyed pseudo-first-order
rather than pseudo-second-order. The DTs of both fungal biomass and melanin were
constructed. The DT of fungal biomass was a lower error compared to melanin. Dts have
efficiency in optimizing Cr(VI)removal compared to equilibrium isotherms and kinetic
study. The FI-IR spectra of melanin, and fungal biomass verified the adsorption of Cr(VI)
on their surface as appeared from the obtained data with a notable shift in the values of
the stretching vibrations of most of the functional groups. The C-H stretching, stretching
of the N-H bond, and “O-H” hydroxyl groups produced the shifting of absorption bands
in the FI-IR spectra attributed to the biosorption of Cr(VI). The SEM and EDX analyses
supported the reality that melanin and fungal biomass can remove heavy metals leading to
detoxification. Summing up, the extracellular melanin was found to be more efficient in the
biosorption process of Cr(VI) ions compared to fungus biomass, it could be applicable on a
large scale since its feasibility of production by A. pullulans AKW, using a cheap medium.

Based on the data of the current work, further research can focus on applying the
DT algorithm modeling Cr(VI) ions removal using a combination of fungal biomass and
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melanin in biosorption strategies. Synergistic effects between different biosorbents may
enhance the overall efficiency and versatility of the process. Likewise, combining another
approach of machine learning such as artificial neural networks could lead to enhanced
efficiency and uptake capacity of the biosorbents, making them more attractive for practical
applications. Furthermore, the generalization of the modeling process in the current
study to include other sorbent/absorbate interactions. Moreover, the scenario of the
performance of fungal biomass and melanin under real-world conditions will provide
valuable information for their implementation. However, it is recommended to assess the
toxicity and potential environmental impact of using fungal biomass and/or melanin for
Cr(VI) removal during the biosorption process.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym15183754/s1, Table S1. The adsorption of chromium ions
on the melanin surface was evidenced by Fourier Transform Infrared Spectroscopy (FT-IR).
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Abstract: Heavy metal wastewater poses a significant environmental challenge due to its harmful
effect on organisms and difficult biodegradation. To address this issue, hydrogel has been used as
a promising solution for the adsorption of heavy metal ions in water, offering advantages such as
low cost, simple design, and environmental friendliness. In this study, we synthetized a novel poly-
acrylamide/acrylic acid /vinyl imidazole bromide (PAM/AA /[Vim]Br;) hydrogel as an effective
adsorbent for the removal of Nil!, Cull, Zn!!, and Cr' from water. The structure of the hydrogel
was characterized by using techniques such as Fourier transform infrared spectroscopy (FTIR) and
scanning electron microscopy (SEM). By exploring various parameters such as monomer ratio,
neutralization degree, crosslinking agent addition amount, and initiator addition amount, the highest
swelling ratio of the PAM/AA /[Vim]Br; hydrogel reached 40,012%. One of the notable aspects of this
study lay in the investigation of the adsorption behavior of the hydrogel towards heavy metal ions at
different concentrations. The adsorption isotherm calculations and X-ray photoelectron spectroscopy
(XPS) analysis revealed distinct adsorption mechanisms. At low concentrations, the hydrogel exhibits
a multilayer physical adsorption mechanism, with heavy metal ion removal rates exceeding 80%;
while at high concentrations, it demonstrates a monolayer chemical adsorption mechanism, with
heavy metal ion removal rates above 90%. This dual mechanism approach distinguishes our study
from previous reports on the removal of heavy metal ions using hydrogels and shows good ion
adsorption efficiency at both high and low concentrations. To the best of our knowledge, this is
the first report to explore the removal of heavy metal ions from water using hydrogels with such
intriguing dual mechanisms. Overall, the utilization of the PAM/PAA/[Vim]Br, hydrogel as an
adsorbent for heavy metal ion removal presents a promising and innovative approach, contributing
to the development of environmentally friendly solutions for heavy metal wastewater treatment.

Keywords: heavy metal ions; hydrogels; ionic liquid; crosslinking agent

1. Introduction

With the rapid development of industries, the problem of water pollution has become
increasingly severe [1-4]. Among the various types of water pollutants, heavy metal ion
pollution poses significant threats to ecosystems, human health, production, and the daily
life of individuals [5-7]. Currently, several main treatment methods for removing heavy
metal ions from water are employed, including filtration [8], ion exchange [9], oxidation—
reduction [10,11], and chemical precipitation [12]. However, these treatment methods have
inherent limitations, such as complicating the composition of wastewater, low removal
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efficiency, high costs, generation of large amounts of sludge, and potential secondary
pollution. Activated carbon, a widely used porous material for water treatment through
adsorption [13,14], has certain limitations that restrict its broad application, such as high
experimental costs, difficulties in separation, and long adsorption time. Therefore, there
is a need to develop environmentally friendly adsorbents with high removal efficiency,
simple structural design, and low cost to address the treatment of wastewater containing
heavy metal ions.

Hydrogels possess an extremely hydrophilic three-dimensional network structure,
which can rapidly swell in water and retain a large volume of water without dissolv-
ing [15-18]. Due to their structural design, low cost, good water permeability, and
biodegradability, hydrogels find wide applications in adsorbing heavy metal ions from
wastewater [19-23]. Zahra [24] synthesized magnetic hydrogel beads based on poly(vinyl
alcohol)/carboxymethyl starch-g-poly(vinylimidazole) for the removal of Cull and CdII,
achieving removal rates (RR%) of 93.2% and 62.5%, respectively. The hydrogel exhibited a
high RR (%) for heavy metal ions at a low concentration of 20 ppm. However, as the con-
centration of metal ions increased, the RR (%) gradually decreased. Shah [25] synthesized
a PAA/PAM superabsorbent polymer hydrogel for the removal of Cdll, Nill, and Cull
from aqueous samples. The RR (%) for CdIl, Nill, and Cull exceeded 75% across the entire
concentration range. When the metal ion concentration was high (100 ppm), the hydrogel
showed a high RR (%); however, the RR (%) was extremely low at low concentrations.
Previous studies have also reported that chitosan/polyethyleneimine hydrogels exhibited
removal rates were lower than 75% for Pb2*, Ni?*, and Cu?* after multiple cycles of use
at high concentration (100 ppm) [26], and the composite hydrogels exhibited a removal
efficiency of 80% for Cu?" at a concentration of 100 ppm [27]. Although these hydrogels
demonstrated high removal efficiency for heavy metal ion adsorption at low or high con-
centrations, there have been no reports of hydrogels exhibiting high RR for heavy metal
ions in both low and high concentration ranges.

Ionic liquids, also known as low-temperature molten salts, are a class of compounds
composed entirely of ions and exhibit a liquid state at room temperature. Different from
traditional high-temperature molten salt such as NaCl, due to the good symmetry of anion
and cation and small ion radius, they can be firmly combined by electrostatic force [28-30].
In addition, ionic liquids show great potential in catalysis, separation, and electrochemistry
due to their high thermal stability, wide electrochemical window, and structural designabil-
ity [31-35]. However, the use of ionic liquids as crosslinking agents of hydrogels in the
synthesis for adsorption of heavy metal ions in water has not been reported.

In this work, we use ionic liquid [Vim]Br, as a crosslinking agent to synthesize
PAM/AA/[Vim]Br; hydrogel, which was mainly used to adsorb heavy metal ions such as
Nill, Cul!, Zn!!, and Cr'! from water. The optimal conditions for hydrogel synthesis were
optimized by response surface methodology. The swelling ratio of PAM/AA /[Vim]Br2
hydrogel could reach 40,012%. The effects of temperature, pH, initial concentration of heavy
metal ions, and the amount of hydrogel added are discussed. The adsorption isotherm
and XPS analysis indicated that the hydrogel exhibits different adsorption mechanisms
when adsorbing heavy metal ions with different concentrations. At low concentrations,
the adsorption of the hydrogel was attributed to multilayer physical adsorption, and
the enhanced removal rates of heavy metal ions could be attributed to the electrostatic
interaction of the bromide ions from the crosslinking ionic liquid agent in the hydrogel
structure. On the one hand, this is the first report of achieving removal rates exceeding
80% at low concentrations using hydrogels. On the other hand, at high concentrations, the
adsorption of the hydrogel follows a monolayer chemical adsorption mechanism, and the
removal rates of heavy metal ions above 90% could be attributed to the chelation interaction
between the active sites and the metal ions.
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2. Experimental Methods
2.1. Materials

Acrylic acid (AA), acrylamide (AM), ammonium persulfate (APS), 1-vinylimidazole
(Vim), 1,2-dibromoethane, nickel(II) chloridehexahydrate (NiCl,-6H;O), copper(Il) chloride
hexahydrate (CuCl,-6H,0), zinc(II) acetate dihydrate (Zn[CH3COO],-2H,0), chromium(III)
chloride hexahydrate (CrClz-6H,0), sodium hydroxide (NaOH), ether, and methanol were
purchased from Energy-Chemical (Shanghai, China). All chemicals were of analytical grade
and used without any purification. The experimental water was ultrapure water prepared
by an ELGA CLXXDM2 ultrapure water instrument (>18.2 M(Q)-cm).

2.2. Synthesis of [Vim]Br;

Under Ny protection, 1,2-dibromoethane (1.88 g, 10 mmol) was dissolved in 10 mL
methanol, meanwhile, 1-vinylimidazole (1.88 g, 20 mmol) was dripped. The reaction
mixture was stirred and heated to 50 °C for 24 h. The methanol solution was removed by
vacuum distillation and yellow powder product was obtained. The crude product was
washed 3 times with ether and dried under vacuum at 50 °C for 2 h. Finally, the yellow
powdery product was obtained (Scheme 1).

Bro
©/=\
JNSN & o~ _Br _24h,50°C SN N
\—/ methanol 7 \_/@@B
r

Scheme 1. The synthesis of [Vim]Br,.

The yield of Bisl-vinylimidazole ethyl bromide ([Vim]Br;) was 89%. THNMR (400 MHz,
D,0), 5:4.8 (m, 4H), 5.43 (m, 2H), 5.78 (m, 2H), 7.1 (m, 2H), 7.56(m, 2H), 7.8 (m, 2H), 9.11 (s,
2H).

2.3. Preparation of PAM/AA/[Vim]Br, Hydrogel

Appropriate amounts of acrylic acid (AA), acrylamide (AM), NaOH, and distilled
water were mixed. The mixture was stirred and cooled to room temperature. Then, a
certain amount of crosslinking agent [Vim]Br, was added and stirred magnetically at room
temperature for 30 min. N, was introduced to drain the oxygen in the flask and APS was
added to seal the mixture. The polymerization was carried out in a water bath at 60 °C for
6 h. The hydrogels were washed with distilled water several times to remove unreactive
monomers, dried at 60 °C until constant weight, crushed, screened, and reserved. Figure 1
shows the synthetic process of hydrogel and its adsorption mechanisms for heavy metal
ions.

2.4. Hydrogel Swelling

The swelling behavior of PAM/AA /[Vim]Br; hydrogels was investigated by immer-
sion of 0.1 g of the SPH in 100 mL Milli-Q distilled water at room temperature and the
hydrogels reached equilibrium swelling for 12 h. The influence of pH on the swelling
behavior was tested using HCl and NaOH. Equation (1) calculates the percentage of hydra-
tion.

Swelling =—¥ 4 . 100% 1)
mqy
where m,y is the mass of the swollen sample at time t and mq is the weight of the dry
sample.
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Figure 1. The synthetic process of hydrogel and its adsorption mechanisms for heavy metal ions.

2.5. Adsorption Experiments

First, 0.1 g of dry hydrogel powder was added to a 200 mL Erlenmeyer flask, 100 mL
of heavy metal solutions (Ni'l, Cull, Zn"!, Cr'™) was added at different concentrations, and
it was shaken at 25 °C for 12 h. After reaching the adsorption equilibrium, an atomic
absorption spectrometer was used to detect the metal ion content in the remaining solution.
Qe and RR (%) were calculated using the following Equations (2) and (3):

C,—Ce) XV
Qe:( 0 I\/IE) (2)
RR% — 0=Ce L 100% ©)
Co

Qe (mg/g) represents the equilibrium removal efficiency of hydrogel. Co(mg/L) and
Ce (mg/L) are the initial and the equilibrium concentrations of metal ions in liquid phase,
respectively. V(L) is the volume of metal solution and M(g) is the weight of dried hydrogel.

2.6. Design of Response Surface Experiment

The response surface method was used to design the experiment, and the factors
affecting the swelling performance of the hydrogel were evaluated. There are four main
variables: monomer ratio (A, 0.7-0.9%), neutralizing (B, 60-80), initiator (C, 0.2-0.6), and
the crosslinking agent (D, 0.2-0.8). The analysis of variance of the results was carried out
using the following quadratic model [36]:

Y = Bo+B1A + BB+ B3C + B4D + B12AB + B13AC + B14AD + B3BC
+B24BD + B34,CD + By A+ By B2+ B33C2+ By D?

where Y is the percentage of hydrogel swelling rate responses, 35, is the linear regression
coefficients, A, B, C, and D are the studied factors (shown in Table 1). Values of “prob>F”

154



Polymers 2023, 15, 2784

which are less than 0.05 indicate that model terms are significant [37]. As shown in Figure 2,
the response surface diagram shows that the swelling rate of the gelatin is affected by the
interaction of four factors, rather than a single linear relationship. Optimization by four
factors indicates: monomer ratio: 70:30, neutralizing: 60%, initiator: 0.4 wt%, crosslinking
agent: 0.8 wt%, the maximum swelling rate of hydrogels reached 40,012%.

Table 1. Independent variables and coded level of the experiment.

Variable Code Level
Monomer ratio A 0.7 0.8 0.9
% Neutralizing B 60 70 80
% Initiator C 0.2 0.4 0.6
% Crosslinking D 0.2 0.5 0.8

Swelling(*)

Sweling(%)

A monomer ratio O crossinking

& newtraizing

Swelling(%)
Swelling! %)

- = 8: neutralizing - e A manome ratc
D: crossknking o g o> C: mitiator e

Swelling(%)
Sweling%)

C: inttator on P o7 A monomer ratio G -, - 8: neutralzing
o=

.e :
Figure 2. The influence of various factors on the response value in the response surface three-
dimensional graph. The z-axis coordinate of six graphs is swelling (%). The horizontal and vertical
coordinates are variables: (a) monomer ratio and crosslinking; (b) neutralizing and crosslinking;
(c) initiator and crosslinking; (d) monomer ratio and neutralizing; (e) monomer ratio and initiator;
(f) crosslinking and initiator.

2.7. Characterization

'H NMR spectra were recorded at 400 MHz on a Bruker Ascend 400 spectrometer
(Bruker Daltonics Inc., Billerica, MA, USA) with tetramethylsilane as the internal standard.
The Fourier transform infrared (FTIR) spectroscopy was performed on a Nicolet iSSFTIR
spectrometer equipped with an attenuated total reflectance (ATR) accessory. The samples
were first mixed with dried KBr before analysis and the spectrum of each sample was
obtained in the range of 4000-500 cm~!. The surface morphology of hydrogels was
observed with a scanning electron microscope JSM-6490LV (JEOL, Tokyo, Japan). The
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XPS measurements were conducted on an ESCALAB 250Xi spectrometer. An atomic
absorption spectrometer (AAS) was applied for the determination of the metal ions in the
aqueous medium.

3. Results and Discussion
3.1. FTIR Analysis

In the infrared spectrum of AM (Figure 3a), the strong absorption bands of amide
groups are observed at 3372 and 3195 cm~ L. In the case of PAM/AA /[Vim]Br, hydrogel
(Figure 3b), the strong absorption peaks of amide groups have shifted to 3419 and 3232 cm 1.
Additionally, the C=0 stretching vibration absorption peak at 1674 cm ™! in the AM infrared
spectrum corresponds to the C=O stretching vibration absorption peak at 1652 cm ™! in the
PAM/AA/[Vim]Br, hydrogel. The peaks observed at 1562 and 1448 cm ™! in the hydrogel
correspond to the C=0 stretching vibration peaks of the carboxyl anion (-COO™) in AA.
These data indicate the successful copolymerization of AA and AM [38], resulting in the
synthesis of PAM/AA /[Vim]Br; hydrogel.

AN AN
VAN SN 144
3419 1652 1562

Transmittance (%)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cmfl)

Figure 3. (a) Infrared spectrum of acrylamide (AM). (b) PAM/AA /[Vim]Br, hydrogel.

3.2. SEM Analysis of PAM/AA/[Vim]Br, Hydrogel

As shown in Figure 4a, after freezing intervention, the prepared PAM/AA /[Vim]Br,
hydrogel has a clearer layered structure, indicating that the internal molecular structure
of the prepared hydrogel is more evenly distributed. As shown in Figure 4b, the internal
pore size of the hydrogel is uniformly distributed, and it is a polymer material with a
three-dimensional network structure. As shown in Figure 4c,d, the hydrogel has a large
pore structure. This large loose pore structure further increases the contact area between
the hydrogel and heavy metal ions, which is conducive to hydrogel adsorption of heavy
metal ions.

3.3. Effect of Initial Concentration of Ni'l, Cul!, Zn'l, Cr'" on RR (%)

The effects of the initial concentrations of Nill, Cull, Zn!!, and Cr'l on the removal
rate (RR%) are depicted in Figure 5. Heavy metal solutions with initial concentrations of
20, 40, 60, 80, 100, 120, and 150 mg/L were selected for the experimental study. The four
adsorption curves exhibited a consistent pattern and could be divided into two stages. In
the first stage, within the low concentration range (<40 ppm), the adsorption capacities
of the hydrogels for heavy metal ions increased as the initial concentration of metal ions
rose. This could be attributed to the electrostatic attraction between anions, such as Br-
and Nill, towards heavy metal ions. However, as the metal ion concentration continued to
increase (<60 ppm), the electrostatic force weakened, resulting in a decline in the removal
rate. In the second stage, within the high concentration range (<100 ppm), the RR% of
heavy metal ions increased as the concentration of metal ions rose. This could be attributed
to the increased contact probability between the active sites in the hydrogel and the heavy

156



Polymers 2023, 15, 2784

metal ions, enhancing the coordination between the functional groups of the hydrogel and
the metal ions. However, once the concentration surpassed a threshold value (>100 ppm),
the adsorption capacity of the hydrogel approached saturation, and the RR% started to
decrease. This decrease was due to the saturation of active sites on the hydrogel, which
limited the coordination between the functional groups in the hydrogel and the metal
ions. Given the generally consistent trends of the four metal ions in both the low and high
concentration ranges, our subsequent study primarily focused on Ni'l.

Figure 4. SEM images of PAM/AA /[Vim]Br; hydrogel. (a,b) are 1 mm structural illustrations,
(c,d) are 100 pm structural illustrations. The red arrows points to the internal pores of the hydrogel.
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Figure 5. (a) Effect of initial concentration of Ni'l on RR (%). (b) Cull RR (%). (c) Zn" RR (%). (d) Cr'!
RR (%).
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3.4. Effect of Hydrogel Dosage on RR (%)

The effect of the added amount of hydrogel on RR (%) is shown in Figure 6. The
results showed that at low concentration (40 ppm) or high concentration (100 ppm), RR
(%) increased sharply with the increase in hydrogel dosage, which mainly increased the
surface area and active sites of hydrogel. When the hydrogel dosage was 2 g/L, the
RR (%) value reached 86.4% at a low concentration. When the concentration was high,
the RR (%) value reached 91.8%. However, when the hydrogel dosage was 1 g/L, the
saturation phenomenon appeared, and the RR (%) increased slowly with the increase in
hydrogel addition. Therefore, 1 g/L was selected as the best dosage for further adsorption

experiments.
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Figure 6. (a) Effect of hydrogel addition RR (%) (40 ppm); (b) 100 ppm.

3.5. Effect of Temperature on RR (%)

The changes in the adsorption capacity of the hydrogel for heavy ions at different
temperatures are shown in Figure 7. As the temperature increased from 15 °C to 55 °C, the
hydrogel’s removal rates (RRs) significantly increased. When the temperature exceeded
55 °C, there was little alteration observed in the removal efficacy for heavy metal ions.
This phenomenon indicates that with increasing temperature, the activity of heavy metal
ions is enhanced, leading to the disruption of hydrogen bonds between the hydrogel and
water. This exposes more active functional groups for complexation with heavy metal
ions [38]. However, when the adsorption capacity approaches saturation, further increasing
the temperature does not significantly increase the removal efficiency of the hydrogel.
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Figure 7. (a) Effect of temperature on RR (%) (40 ppm); (b) 100 ppm.

3.6. Effect of pH on RR (%)

Figure 8 illustrated the RR (%) of PAM/PAA /[Vim]Br2 hydrogel (40 ppm, 100 ppm)
for heavy metal ions (Nill, Cull, Znll, CrIll) in solutions with different pH values. The RR
(%) peaked at pH 7, while it significantly decreased in strong acid (pH = 3) or strong alkaline
(pH = 11) environments compared to the neutral environment. This was because, in acidic
conditions, H+ protonated the -COO™ and -NH, groups on the hydrogel structure, forming
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-COOH and -NH;*. The H* ions also competed with heavy metal ions for adsorption sites.
As the solution pH gradually increased to 7, the competitive effect of H* ions weakened,
allowing a large number of -NH; and -COO™ groups to re-coordinate with heavy metal
ions, resulting in an increase in the RR (%) [39]. However, when the solution pH was
above 7 and gradually increased to a strong alkaline environment, the increased OH™ ion

concentration in the external solution led to an anion shielding effect on the -COO™ and
-NH; groups of the hydrogel structure. This caused a decrease in osmotic pressure inside
and outside the hydrogel network, hindering the effective diffusion of heavy metal cations

into the hydrogel. As a result, the RR (%) decreased [40].
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Figure 8. (a) Impact of pH on Nil adsorption onto hydrogel (40 ppm); (b) 100 ppm.

3.7. Adsorption Kinetics of Heavy Metal lons by PAM/AA/[Vim]Br, Hydrogel

The adsorption effect of PAM/PAA /[Vim]Br2 hydrogel on Nil with initial concen-
trations of 40 ppm and 100 ppm at different time points (1,2, 3,4, 5, 6,7, 8,9, and 10 h) is
shown in Figure 9. During the initial adsorption period (0-2 h), the adsorption of heavy
metal ions by the hydrogel increased rapidly. After 3 h of adsorption, the efficiency of heavy
metal ion adsorption gradually decreased. At 4 h, the adsorption capacity of the hydrogel

for heavy metal ions approached saturation. These adsorption behaviors indicated that

PAM/PAA/[Vim]Br; hydrogel could achieve relatively fast and near-saturation adsorption

of heavy metal ions. [41,42].

(@)40 (b) 100
W 90 //'/'—‘—4——0"—‘
351
/ 80+ /
) ]
= */ e}
E / g™ ]
@ / o /
o / < 604 /
/ /
/ /
i / /
25 / 50 ’//
{
= /
w04/
20 . T . . : y J ¥ T y
4 5 6 7 8 9 10 11 01 2 3 4 5 6 7 8 9 10 11
t(h)

t(h)

Figure 9. (a) Adsorption kinetics curves of PAM/AA/[Vim]Br, hydrogels for heavy metal ions

(40 ppm); (b) 100 ppm.

The adsorption kinetics of PAM/PAA/[Vim]Br, hydrogel on Ni! was fitted by a
pseudo-first-order kinetics and two-stage kinetic Equations (4) and (5), and the kinetics
of the adsorption reaction of PAM/AA /[Vim]Br; hydrogel on Nil was obtained. The

equation expression is as follows.
@)

In(Qe— Q)= InQ.—kit
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t ot n 1
Qt Qe szg
where t is the adsorption time (min); Q. and Q; are, respectively, the adsorption capacity
of PAM/AA /[Vim]Br; hydrogel for heavy metal ions when adsorbed at equilibrium time
and t (mg/g); K; and K, are quasi-one- and quasi-two-stage adsorption rate constants,
respectively.

The results of pseudo-first-order and pseudo-second-order reaction kinetics fitting
curves of Ni'! at 40 ppm and 100 ppm are shown in Figure 10 and Table 2. The results show
that: compared with the pseudo-first-order adsorption kinetics fitting results (40 ppm,
R? = 0.8156, Figure 10a; 100 ppm, R? = 0.953, Figure 10c), the pseudo-second-order adsorp-
tion kinetic model fitting is more consistent (40 ppm, R? = 0.9983, Figure 10b; 100 ppm,
R? = 0.9986, Figure 10d). Therefore, the adsorption of heavy metal ions by hydrogel (40 ppm,
100 ppm) is a multistep process. First, the heavy metal ions adhere to the metal surface and
then enter the hydrogel through the channel of the hydrogel to further spread.
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Figure 10. Fitting results of adsorption kinetics of Nill by PAM/AA /[Vim]Br, hydrogel. (a,b) The

first-order kinetics and second-order kinetics fitting results of 40 ppm, respectively; (c,d) 100 ppm.

Table 2. Fitting parameters of adsorption kinetics model of different concentrations of Nil! for
PAM/PAA/[Vim]Br; hydrogel.

Ion

Pseudo-First-Order

Pseudo-Second-Order

Concentration

Qe,1 (mg/g) Ky R?2 Qe (mg/g) K; R?
Ni2* 40 ppm 32.23 0.833 0.8156 38.28 0.01152 0.9983
1
100 ppm 89.12 0.572 0.953 98.98 0.00418 0.9986

3.8. Adsorption Isotherms of PAM/AA/[Vim]Br, Hydrogels for Heavy Metal lons

The adsorption isotherms of Freundlich and Langmuir were studied. The Freundlich
isotherm is a heterogeneous, multilayer adsorption system, and the absorption process
takes place on an active heterogeneous surface. The Langmuir isotherm is a homogeneous,
single molecular layer adsorption system, each binding site on the absorption surface
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absorbs the same energy, and each binding site is occupied by only one metal ion. The two
models are presented in Equations (6) and (7):

InQ.= InK + lnfe ©)
Ce 1 Ce

-~ _ - L =€ 7
Q. ~ KiQn ' Qm 7

where Ce, Qe, Qm were the initial equilibrium concentration (mg/L) of heavy metal ion so-
lution, the adsorption capacity of PAM/AA /[Vim]Br, hydrogel to heavy metal ions (mg/g),
and the saturated adsorption capacity of PAM/AA/[Vim]Br, hydrogen to heavy metal
ions (mg/g), Kg and Ky, are Freundlich and Langmuir equilibrium constants, respectively,
and n is the concentration index.

The Freundlich and Langmuir adsorption isotherm models were fitted to the initial
concentration and equilibrium adsorption capacity of the PAM/AA /[Vim]Br, hydrogel to
adsorb Nil'. The results are shown in Figure 11 and Table 3. When the initial concentration
of Nil! was 40 ppm, regarding the adsorption isotherm of Ni?* by the hydrogel, the
Freundlich adsorption isotherm (R? = 0.9935) (Figure 11a) is better than the Langmuir
adsorption isotherm (R? = 0.9859) (Figure 11b), which shows that the adsorption isotherm
of hydrogel for Ni!! is more in line with multilayer physical adsorption. When the initial
concentration of Nil! is 100 ppm, regarding the adsorption isotherm of hydrogel for Ni!, the
Langmuir adsorption isotherm (R% = 0.9954) (Figure 11d) has better fitting results, which
shows that the adsorption of Ni'! to hydrogel is more in line with multilayer chemical

adsorption.
(@) (b) >
0.5
1.63
1.60 o
* o V-4
B ¢
= 1. Qo =
—1.3276+0.2294 y=0.08366+0.01896x
0.3 R’=0.9859
1.55 R’=0.9935
1.52
b 021 * . . .
09 10 11 12 13 14 8 10 13 15 18 20 23
1gCe Ce (mg/L)
(© (d)
1924 « 1.5
1.901 o
%
S
g“ —* 3;10
ke o« y=-0.01399-+0.0131x
1.881 3 / R?=0.9954
0/
0.5-
*
1.86 . . . : ; ; ; :
1.6 1.8 2.0 22 30 40 50 60 70 80 90 100 110 120
12Ce Ce (mg/L)

Figure 11. Fitting results of adsorption isotherms of Ni! for hydrogel PAM/AA /[Vim]Br, hydrogel.
(a,b) The Freundlich adsorption isotherm and Langmuir adsorption isotherm fitting results of 40 ppm,
respectively; (c,d) 100 ppm.
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Table 3. Fitting parameters of adsorption isotherm model of different concentrations of Nil! for
PAM/PAA /[Vim]Br; hydrogel.

Langmuir Freundlich
Ion Concentration
KL Qm R2 KF n R2
oy 40 ppm 0.29 49.19 0.9859 816.58 3.33 0.9935
Ni 100 ppm —0.153 69.06 0.9954 86,377 —6.97 /

3.9. XPS Analysis of PAM/AA/[Vim]Br, Hydrogel

To further investigate the adsorption mechanism of hydrogels for heavy metal ions,
XPS was used to analyze the binding energy of the hydrogel before and after adsorption,
and the results are shown in Figures 12 and 13.
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Figure 12. XPS spectrum of PAM/AA /[Vim]Br, hydrogel before and after Ni jon adsorption.

In Figure 12, the main elements of the hydrogel such as the binding energy peaks of
Cls, Ols, N1s can be seen. The Figure 12 (2) and (3) curves exhibit that the binding energy
peak of Ni2p appears after adsorption, which proves that the Nil was adsorbed by the
hydrogel. As shown in Figure 13a, in the PAM/AA sample before the adsorption of the
Ni'' ions (40 ppm, 100 ppm), the N1s spectrum showed distinct peaks at ~399.6 eV and
~401.65 eV, corresponding to the -NH, or -NH or C-NH3* groups [43]. In the O1s range,
the spectrum showed a distinct peak at ~531.75 (Figure 13d) [44,45], corresponding to the
oxygen of C=0 or C-O. After the adsorption of the Ni'l ions, the N1s spectrum shows
no significant changes (40 ppm) (Figure 13b), however, the binding energy peaks of the
N1s move from 399.65 eV to 399.95 eV and 401.65 eV to 402.45 eV (100 ppm) (Figure 13c).
The Ols peak shifted slightly from 531.75 eV to 531.85 eV (40 ppm) (Figure 13e) and the
O1ls peak shifted strongly from 531.75 eV to 532.2 eV (100 ppm) (Figure 13f). In addition,
Figure 13g (40 ppm) and Figure 13h (100 ppm) show the XPS spectrum of Ni2p with a
binding energy ranging from 849.1 eV to 886.2 eV. Two major peaks with binding energies
of 855.9 eV and 870.6 eV have a significant corresponding relationship to NiCl,, and the
peaks of NiO3 are found at 865.7 eV and 873.1 eV (40 ppm) (864.9 and 874.4 (100 ppm)),
which indicates that the PAM /PAA hydrogel can effectively offer O element as a chelating
group for removal of Ni'l [46]. The other two peaks at 860.5 eV and 879.6 eV (40 ppm)
(860.5 and 879.6 (100 ppm)) can be assigned to the corresponding satellite peaks of Ni 2p3 /5
and Ni 2p; , [47]. The XPS spectra indicate that the concentration of heavy metal ions was
low (40 ppm), and the adsorption of heavy metal ions by the hydrogel was mainly physical
adsorption, which was the electrostatic attraction between ionic liquids and heavy metal
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ions. When the concentration of heavy metal ions was high (100 ppm), the adsorption
of heavy metal ions by the hydrogel was mainly chemical adsorption, which was due to
the chelation and coordination reaction of heavy metal ions with the amino, hydroxyl,
and carboxyl groups of the hydrogel. The conclusion was consistent with the adsorption

isotherm of hydrogel.
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Figure 13. (a—c): XPS spectrum of N1s with PAM/AA hydrogel adsorbing Nill ions (0, 40, 100 ppm).
(d—f): XPS spectrum of Ol1s with PAM/AA hydrogel adsorbing Nill ions (0, 40, 100 ppm). (g,h): XPS
spectrum of Ni2p (40, 100 ppm) with a binding energy ranging from 849.1 eV to 886.2 eV (The black
line represents the test line, the red line represents the fitting line, and other colors represent reference
lines).
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4. Conclusions

To our best knowledge, there have been no reports on the use of ionic liquids as
crosslinking agents to prepare hydrogels for the adsorption of heavy metal ions in water.
The experiment successfully synthesized a PAM/AA /[Vim]Br; hydrogel using the ionic
liquid [Vim]Br; as the crosslinking agent, which was confirmed by FTIR characterization.
In our experiment, under near-neutral solution conditions and at a heavy metal ion concen-
tration of 100 ppm, the PAM/AA /[Vim]Br; hydrogel demonstrated superior adsorption
performance for Nill, Cull, Zn!!, and Cr', achieving the removal rates of 91.8%, 97.2%,
95.6%, and 98.1%, respectively, with RR% values all exceeding 90%. This indicates a certain
advantage in heavy metal removal rates compared to the reported values. However, further
testing in actual wastewater and assessment of the removal efficiency after multiple cycles
of use are still required.

The adsorption isotherms and XPS analysis revealed that, at low concentrations
(40 ppm), the hydrogel follows the Freundlich isotherm for adsorbing heavy metal ions,
primarily through multilayer physical adsorption. One major highlight of this article is
the removal rate of heavy metal ions in the low concentration range, which exceeds 80%.
This is mainly attributed to the electrostatic interaction between anions in the ionic liquid
and the heavy metal ions. At higher concentrations (100 ppm), the hydrogel follows the
Langmuir isotherm, indicating monolayer chemical adsorption. This is mainly attributed
to the coordination between carboxyl and amino groups within the hydrogel and the metal
ions.
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Abstract: Conventional polymers, endowed with specific functionalities, are extensively utilized
for filtering and extracting a diverse set of chemicals, notably metals, from solutions. The main
structure of a polymer is an integral part for designing an efficient separating system. However, its
chemical functionality further contributes to the selectivity, fabrication process, and resulting product
morphology. One example would be a membrane that can be employed to selectively remove a
targeted metal ion or chemical from a solution, leaving behind the useful components of the solution.
Such membranes or products are highly sought after for purifying polluted water contaminated with
toxic and heavy metals. An efficient water-purifying membrane must fulfill several requirements,
including a specific morphology attained by the material with a specific chemical functionality and
facile fabrication for integration into a purifying module Therefore, the selection of an appropriate
polymer and its functionalization become crucial and determining steps. This review highlights the
attempts made in functionalizing various polymers (including natural ones) or copolymers with
chemical groups decisive for membranes to act as water purifiers. Among these recently developed
membrane systems, some of the materials incorporating other macromolecules, e.g., MOFs, COFs,
and graphene, have displayed their competence for water treatment. Furthermore, it also summarizes
the self-assembly and resulting morphology of the membrane materials as critical for driving the
purification mechanism. This comprehensive overview aims to provide readers with a concise and
conclusive understanding of these materials for water purification, as well as elucidating further
perspectives and challenges.

Keywords: supramolecular assemblies; functional polymers; membranes; water purification;
pollutants in water

1. Introduction

Human activities and interventions in ecosystems have led to numerous global chal-
lenges [1,2]. Among these, the availability of freshwater for drinking stands out as a
significant concern. Scarcity of potable water in many regions worldwide presents a
formidable challenge for sustaining life on this planet [3]. Large quantities of chemicals
from industrial plants and households are dumped into rivers and other natural water
reservoirs [4]. These chemicals or pollutants mainly comprise heavy metal ions, dyes,
and other organic contaminants. They accumulate in water bodies, posing risks to living
organisms and causing not only water pollution but also potentially life-threatening ill-
nesses, such as cancer [5-8]. Consequently, there is an urgent need for efficient methods to
remove or decompose these pollutants, prompting extensive research in this area. Most of
these techniques involve incorporating functional materials, such as polymers or hybrid
composites, within the performing device [9-12]. While bulk materials have also been
utilized for this purpose, there has been a growing emphasis on focusing on nanoscale
functional materials. This is because nanomaterials can provide several benefits ranging
from control over the morphology to selectivity and fabrication [13-16]. Among these
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nanomaterials, polymers are of particular interest as they offer multiple features (as men-
tioned above) suitable for similar applications. In polymers, the introduction of a specific
chemical functional group (polar or nonpolar) before or post synthesis can help determine
the final morphology and selectivity for a particular pollutant and its removal during the
water treatment process [17-24]. The chemical and physical properties of a polymer, char-
acterized by a well-designed backbone and desired functional groups, play a considerable
role in the fabrication of water purification devices or units [25-27]. Functional polymers
employed in water treatment processes are modified with polar or ionic groups, such as
hydroxyl, carboxylic, amine, phosphonic, and sulfonic groups, among others, to remove
a specific pollutant (for example, a metal) [28-31]. Therefore, when designing functional
polymers, the removal pathway in the water treatment process must be considered. To
further understand the holistic approach applied to functional polymers concerning their
morphology, selectivity, and role in the water treatment processes, it is essential to summa-
rize and highlight all the recent research efforts aimed at developing efficient functional
polymers dedicated to pollutant removal. This review provides a detailed presentation of
functional polymers, encompassing their distinctive features, microstructures, fabrication
techniques, and water treatment properties. This thorough review aims to provide readers
with a comprehensive overview of the advancements in functional polymer-based water
purification methods to date. Additionally, this review sheds light on prevalent challenges
associated with the performance of these polymers, offering a roadmap to address these
concerns. The functional polymers under scrutiny are categorized as water-soluble and
insoluble, contingent on their repeating units and chemical functional groups. Both types of
polymers have found application in various extraction methods, including liquid-liquid ex-
traction, adsorption, and precipitation, based on the distribution of the two phases [32,33].
These methodologies are directly related to the morphology, functionality, and dimen-
sions of the polymeric phase in a membrane [32,33]. Numerous functional polymers have
been specifically designed and fabricated for use in membrane preparation. As shown in
Figure 1, as a membrane material the functional polymer is an essential component of a
water purifier device. Its morphology also plays a decisive role in selective filtration or
removal of certain pollutants.

Membrane v

(functional Membrane morphology

polymer/material) and ‘selective filtration’
of water

Water Purification
Device (WPD)

Figure 1. A membrane purifier comprising a functional polymer or material fabricated as a membrane
and integrated within a device. The microscopic structure demonstrates the pivotal role of “specific”
chemical functionality in governing the water filtration process, selectivity, and flux.

A well-controlled and directed morphology further dictates the formation of nanopores
within the membrane. The size and shape of these nanopores are crucial for the pathway of
water flux. Figure 2 provides a detailed schematic overview showcasing a few polymers,
the membrane casting in a device, and the resultant membrane morphology. Common poly-
mers, including polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF), polyethersulfone
(PES), polysulfone (PSF), poly(ether ether ketone) (PEEK), poly(amide) (PA), polyurethane
(PU), and poly(styrene), along with their derivatives, such as copolymers, have been ex-
tensively utilized for membrane filtration [34-48]. Crucial considerations when casting or
processing membranes in a device involves evaluating the chemical structure, morphology,
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mechanical, and thermal properties of these polymers [43,44,46,47]. These parameters
significantly impact the membrane’s performance in the device. Membranes produced
from these synthetic polymers are categorized into the following groups: (1) isotropic
or symmetric and (2) anisotropic or asymmetric. This categorization depends on factors
like nonporosity, as well as the presence of charged or uncharged polymeric chains (as
fabricated through solvent-based or other techniques) [49,50].

!
{
M
g

gakeratiod
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-Membrane
casting

-Filteration

device

Functional membranes for
water purification

Figure 2. (A) A water filter device composed of different components, such as a separating layer,
substrate, and a polymeric membrane cast from a relevant functional polymer; (B) chemical structures
of a few polymers, including their two-dimensional (2D) materials counterparts, highlighting active
functional groups crucial for selectivity and filtration, as well as a specific nanostructure suitable for
an effective membrane and its processability; and (C) various morphologies of polymeric membranes
showecasing diverse features, including nanopores, three-dimensional (3D) interconnected channels
and homogenous distribution of uniform nanopores, and structure-properties correlation.

In isotropic or symmetric membranes, the porosity and pore size regulate the filtration
process, that is, the microfiltration (MF) of molecules or particles with varying sizes or di-
mensions. Alternatively, nonporous yet dense isotropic membranes have undergone testing
for their performance. These membranes allow water to pass through while retaining other
“species” or pollutants depending on their solubility and diffusivity. This phenomenon is
observed in gas separation, pervaporation, and reverse osmosis (RO) processes. In isotrop-
ically charged membranes, such as those used in electrodialysis, the separation process
occurs via ionic interactions (regardless of porosity) between the polymeric network’s
ionic groups in the membrane and the positively /negatively charged molecules of the
impurities [51]. Conversely, anisotropic (asymmetric) membranes exhibit structural or
chemical heterogeneity in their networks and are classified into two subgroups: (i) Loeb
and Sourirajan membranes and (ii) Thin-film composite (TFC) membranes [52-55]. Loeb
and Sourirajan membranes are fabricated using polymer-forming layers with indistinguish-
able pore sizes and porosities. In contrast, TFC membranes are prepared employing two
different polymers, creating a dense surface layer responsible for separation and a thick,
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porous layer for providing mechanical support [52-55]. Several techniques are employed
for fabricating polymer-based membranes, serving both research and industrial purposes.
Notable methods include interfacial polymerization (IP), sputtering, solution casting, ex-
truding, melt pressing, phase inversion, and electrospinning, all commonly applied for
producing polymeric membranes [56-62]. Figure 3 illustrates a graphical depiction of some
of these fabrication techniques. The choice of fabrication process largely depends on the
physical and chemical properties of the polymer selected for membrane production. Each
of these fabrication techniques possess distinct advantages and disadvantages and may
require optimization through factors such as choice of solvent (polar/nonpolar), tempera-
ture variation, substrate selection, and the utilization of electrostatic forces. In the phase
inversion method, the solid phase of the polymer is converted to either a solution or molten
state by adjusting specific parameters, as previously mentioned. For instance, this involves
selecting an appropriate solvent and controlling the melting temperature. This technique is
further subdivided into immersion precipitation and controlled evaporation precipitation
(Figure 3A) [63]. Commercially available membranes are typically fabricated using the
immersion precipitation technique. This process involves casting a polymeric solution
(containing some additives) onto a suitable substrate, normally glass. Subsequently, the
supported polymer is immersed in a nonsolvent agent like pure deionized (DI) water. The
immersion-precipitation method is known to yield membranes with higher tensile strength,
porosity, and improved hydrophilicity. Additionally, this process results in small-diameter
pores that help enhance the thermal shock resistance and volumetric power density of
the membrane. In controlled evaporation precipitation, a membrane is cast by depositing
a polymeric solution onto a porous substrate and subsequently evaporating the solvent
under controlled speed and temperature. By carefully regulating the solvent evaporation
from the polymeric solution, a denser, thicker membrane with paper-like characteristics
can be obtained. Furthermore, in a slightly modified protocol, when the temperature
is significantly increased, a fibrous membrane with an interconnected polymer network
can be cast from the solution [64,65]. This process, known as thermally induced phase
separation (TIPS), offers numerous advantages, including high porosity, simple processing,
easy reproducibility, and a reduced occurrence of defects [65]. In this unique method, IP
involves the polymerization of a selected monomer at the interface of water and a suitable
solvent, utilizing a porous support as the reaction reservoir. This method leads to the
formation of an ultrathin membrane that is highly suitable for ultrafiltration (UF) and
RO applications (Figure 3B). Through IP, desirable properties such as high performance,
ultrahigh permeability, and a high level of membrane rejection can be introduced during
the fabrication process. Additionally, to exclude the use of organic solvents and make
fabrication environmentally friendly, the extrusion process has gained widespread use, in
which a polymer is subjected to stretching under cold and hot conditions (Figure 3C). In
this process, the polymer is heated to its melting point and then extruded through specially
designed piston—cylinder equipment, producing polymer aligned fibers when used with a
substrate. As these fibers align in a particular direction, the membrane produced with this
method displays good mechanical properties, controllable pore size, and thickness.

In the advanced method known as electrospinning, polymeric fibers are produced
under an electric field, leading to the evaporation of the solvent and the fabrication of a
membrane or film with a considerably large surface area (Figure 3D). In this process, a
viscous solution of the polymer is placed in the injector. Furthermore, a strong electric field
(DC voltage) is applied across the injector [66]. Once the electrostatic repulsion surpasses
the surface tension, the viscous solution flows from the needle as fibers, which are then
collected on a designated collector. Through electrospinning, polymeric fibers with multiple
arrangements and morphological structures can be created [66]. Table 1 summarizes the
aforementioned fabrication techniques, outlining the products formed via each relevant
technique, along with their specific properties and applications. This review focuses solely
on recent examples of optimized membranes with enhanced performance to elucidate
their significant milestones and gain deeper insights. The subsequent section delves into
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a comprehensive discussion of these membranes, highlighting their distinctive features
and examining their perspectives. Earlier, a class of hyperbranched macromolecules
known as dendrimers and other polymers have also been explored as membrane materials
for similar applications. To describe a few, poly(amidoamine) terminated with sodium
carboxylate groups (PAMAM-COONa) was studied for its forward osmosis (FO) to draw
solute from the sea water with a relatively high water flux of 9 Lm~2 h=! [67]. In another
report, thermoresponsive magnetic nanoparticles (MNPs) incorporated with a copolymer
poly(sodium styrene-4-sulfonate)-co-poly(N-isopropylacrylamide) (PSSS-PNIPAM) have
been shown to draw solute and to extract water from brackish water or seawater via forward
osmosis (FO) [68]. Polyacrylic acid and its salt derivatives were also proposed previously
for similar applications related to water treatment [69]. In this current review, the major
focus is on the most recent state-of-the-art fabrication, developments, and performance of
the membrane materials, to provide a comprehensive overview so that a further roadmap

can be drawn, if necessary.
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Figure 3. Various techniques for fabricating membranes from polymeric precursors: (A) casting a
membrane from a polymeric solution on a substrate and evaporating the solvent either via precip-
itation in a nonsolvent (DI-water) or under controlled heat; (B) membrane formation via IP of a
monomer at the interface of organic-aqueous phase, resulting in nanocapsules with aligned polymer
chains on a porous substrate; (C) solvent-free extrusion of a molten polymer, generating aligned fibers
in a membrane on a substrate; and (D) formation of polymeric fibers and a membrane via electro-
spinning, achieved by injecting a viscous polymeric solution through needles under electrodynamics
or high DC voltage.

Table 1. Various functional materials with tuned properties used for fabricating their respective
membrane by using various techniques and their major applications.

. Membrane Membrane c .
S. No. Material(s) Technique Parameters Characteristics Applications
Smallest pore size MF, water flux of
- mI-1 p , y
Po.l ylarylene - Cone.=027 g-mL ", highest mechanical 747.76 L-m~2-h~! and high
1. sulfide sulfone) Electrospinning Voltage = 20 kV, and . . o
(PASS) Speed = 300 rpm property, and best separation efficiency of 99.9% to
surface wettability 0.2 um particles [70]
9 wt.% in Asvmmetr .
h . . dimethylacetamide 5y €Ly, po des UF, water flux of over
2 PES Phase inversion (DMAc) 20-100 nm, an, 5600 Lm-2h-!, and high
’ (solvent evaporation) ot controlled - 4
ZnO-nanoparticles, and efficiency [71,72]
morphology

Temperature >100 °C
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Table 1. Cont.

. Membrane Membrane s
S. No. Material(s) Technique Parameters Characteristics Applications
B Nanofibrous and MF (antifouling), water flux
3. PVDF/HEMA Electrospinning V(;ltzgeg—_’o’l(;(l; Y ?Ir:d hydrophilic surface 63L m2h~!, and witha
peed = P with improved flux  separation efficiency of 98% [73]
Hollow fiber . .
PEEK/polyetherimide  Extrusion (melt 40 wt.% PEEK with membrane, UE .(1nd1}str1al Wastewater and
4. o o e antifouling), with a water flux
(PEI) spinning) 60 wt.% PEI, at 360 °C hydrophilic, and o
of 216% [74]
recyclable
. Super hydrophilic, Cr o s
PVDF—blsrputh Phase inversion (1:7.5) PVP/PVDF in (VI) adsorption, and UF (a'ntlfouhng capability),
> oxychloride (blending) NMP/EG at RT with multifunctional with a water flux of
(BiOCl) & : 854 L m~2h~! bar~! [75]
eatures
Metal-organic . . . .
Dispersion of ZIF-L, . Pervaporation dehydration
6. framewopri (MOF)/ I monomer (EDA/TMC) TEC (ultrathin) [76]
Fluorinated Nanofiltration (NF), wastewater
7. PA (PE 5 s;l)pport P amine/trimesoyl chloride TFC (lo’;vleiurf;l ce free treatment, and with antifouling
Y with SDS as emulsifier &y [77,78]
Good mechanical
0.5-3 bar pressure roperties, thickn Uranium extraction from
8. Polypropylene/PE Stretching uniaxial /biaxial direction, ~ ProPeries HCANEss anium extracion from sea
. controlled, and large water [79]
and melting temperature .
scale production
Graphene-PE Irradiation/ion beams Narrow pore size
9. P Track etching and acid or alkaline distribution, high Bioseparation [80]
terephthalate - .
solution porosity, and low cost
nano s111Fa- Homemade 3D printer, High precision, better
functionalized . g resolution, low cost, . .
- . . micronozzle diameter Oil-water separation
10. polydimethylsilox- 3D printing 150 um. and curing at and excellent control [81]
ane (PDMS) hm, & o cunng a over thickness and
: 120 °C .
ink porosity

PA: polyamide; PVDEF: polyvinylidene fluoride; UF: ultrafiltration; PVP: polyvinylpyrrolidone; TFC: thin-film
composite; IP: interfacial polymerization; EG: ethylene glycol; MF: microfiltration; NMP: 1-methyl-2-pyrrolidinone;
RT: room temperature; EDA: ethylenediamine; TMC: trimesoyl chloride; PES: polyethersulfone; SDS: sodium
dodecyl sulfate; and PE: polyethylene.

2. Membranes Based on PA and Its Derivatives

In 1930, at DuPont Wallace, Carothers synthesized a PA, commonly known as ny-
lon [82]. As engineering plastics, PAs are usually synthesized via step-growth polymeriza-
tion and exhibit high durability and excellent thermal, barrier, and mechanical strengths
owing to their rigid backbone. They are used in textiles, the automotive industry, carpets,
kitchen utensils, and sportswear.

Figure 4 illustrates the typical structure of an aromatic PA, emphasizing its high-
performance attributes and the presence of dense layers in a film or membrane.

Synthetic aromatic PAs are preferred over their aliphatic counterparts because the
latter exhibits increased moisture susceptibility, resulting in mechanical weakness and
dimensional deformities. Notably, aromatic PAs such as polyphthalamides (PPAs) are
processable in the molten state and have accordingly attracted considerable commercial
attention. Aromatic PAs have found significant utility exploited as membrane materials
owing to their superior hydrolytic and permselective properties. Despite PAs being the
gold standard in both academic and industrial efforts for membrane preparation, achieving
precise tuning of the PA layer remains a challenging task (Figure 4). For example, the per-
meability and selectivity of PA-based membranes are directly related to their morphology.
To produce the desired morphology wherein PA chains can form dense yet thin layers
with a larger surface area (via nanopores), optimization of various parameters becomes
crucial. These include the chemical structure of the monomer, fabrication processes, and the
structural properties of the porous support. Notably, thin and dense layers are employed
to improve permeation within these membranes. Previously, several strategies were intro-
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duced for fabricating dense and thin layers of PA chains, including layer-by-layer (LBL)
assembly, the addition of interlayers or hydrophilic materials, and 3D printing [83,84]. Stud-
ies suggest that aromatic PAs can exhibit porosities ranging from approximately 15 + 2%
to 32 £ 4%. However, increasing the specific surface area via these nanopores enables
high-mass crossflow and permeation. For precise nanopore creation, IP using emulsion
and template methods is considered highly effective. In IP, a hydrophilic monomer is
incorporated and polymerized at the interface, generating a high specific surface area in
the resulting polymeric film. Furthermore, the presence of a hydrophilic additive or poly-
mer affects solution viscosity and diffusion rate, directing the formation of a nanoporous
morphology in the film [85]. Nevertheless, attempts are ongoing to fabricate defect-free
PA membranes, featuring dense layers and ordered nanopores. The pursuit of a perfect
membrane aims to establish an optimized water transport pathway, wherein the limits of
permeability and selectivity would surpass those of previously reported membranes.

Difficult tuning or
modification

Aromatic polyamide
SN

Polyamide layers

. o L
TSR e AU
s \;\\i o

QRN

v' Engineering plastic

v High durability

v' Excellent thermal
barrier/mechanical strength

Traditional polyamide

membrane $ubstr[ Dense polyamide

ane layer

= No ordered nanopores
= No large surface area

= Poor transmembrane flux

= |Inferior permeation and selectivity

Figure 4. Chemical structure of a representative aromatic PA, categorized as a high-performance or
engineering plastic due to its high durability and excellent thermal and mechanical properties. The
layers of PA chains in a film are dense and inert to further modifications, necessitating advanced and
optimized methodologies for the same.

Recently, a remarkable approach for fabricating asymmetric PA films with well-
ordered nanopores and dense layers was reported. This method involves the successive
utilization of a PA-based dendrimer and IP of two different monomers to create an efficient
double-layered membrane for NF [86]. Figure 5 illustrates a schematic representation of this
innovative approach. In the study, PA dendrimers of different generations were employed
to create the lower porous layer of a membrane. Since PA dendrimers are hyperbranched
and possess a nearly spherical structure, they display peculiar features such as well-defined
functional periphery and uniform intramolecular voids or cavities. For this purpose, PA
dendrimers with 32-amine terminal groups at the periphery were synthesized and subse-
quently treated in a salt solution (pH = 1) on the surface of a PSF support. This treatment
facilitated their coupling with each other via a diazotization-coupling reaction involving
a sodium nitrite solution, culminating in a covalent assembly (Figure 5). Consequently,
the surface of the support becomes hydrophilic with minimal defects. In the IP step, these
surface-supported covalent assemblies of the PA dendrimer are placed in a solution of
piperazine (PIP) for 10 min, followed by immersion in a TMC/n-hexane solution (0.15
w/v%) for another 30 or 60 s to create a traditional or asymmetric PA dense film. Inter-
estingly, the polar and nanosized cavities of the dendrimers assist the diffusion of PIP
molecules, consistently allowing the IP process to smoothly create a uniform film of PA
with ordered nanovoids or nanopores [86].
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Figure 5. Strategy for creating a double-layered membrane comprising the following: (a) hyper-
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branched-amine-terminated dendrimer which, upon further coupling via diazotization, forms (b) a
porous layer on a support, followed by (c) IP of two different monomers, namely PIP and TMC,
conducted on the porous layer. This process aims to produce a dense and thin asymmetric successive
layer of PA with an optimized transport pathway and ordered nanovoids. Reprinted with permission
from Nature Comm. [86], Copyright 2020 Nature Portfolio. The article is licensed under a Creative
Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution,
and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons license, and indicate if changes

were made.

Morphological investigations of these double-layered membranes using transmission
electron microscopy (TEM) clearly delineated two different layers corresponding to the
covalent assembly of dendrimers and asymmetric PAs produced after IP. Figure 6 displays
the TEM micrographs showcasing the single-layer PA nanofilms, revealing PA aggregations
throughout. However, following the IP process, the structural features of the membrane
transformed significantly, characterized by the appearance of uniform nanovoids. At high
resolution, an array of interconnected, ordered nanovoids (width of 70-120 nm) was also
observed. Further analysis with atomic force microscopy (AFM) and X-ray techniques
confirmed the formation of an asymmetric PA membrane, comprising a porous layer
of spherical dendrimers and a dense PA layer. Such features are targeted to reduce the
transmembrane resistance of water and increase the permeation flux. With regard to
the separation performance of these membranes, studies have demonstrated a 3.7- to
4.3-fold higher water flux for various salt solutions (2000 ppm) compared to traditional
PA membranes. To further examine the superiority of these double-layered membranes,
their permeability and selectivity were tested and compared with the data estimated for
different types of PA membranes. These included commercial PA membranes, crumpled
PA membranes (IP with crumpled structures), PA membranes prepared using interlayers,
traditional IP membranes, and mixed-matrix PA membranes (Figure 6).

The experiments revealed that the permeability (7.9 x 107% cm? s~!) and selectivity
(23,877.2) of the membrane for magnesium sulfate or MgSO, exceeded those of the afore-
mentioned membranes. A similarly improved performance (permeability 7.5 x 1076 cm?
s 1and selectivity 27,561.3) was also observed for the sodium sulfate or Na;SOy solution.
As depicted in Figure 6e, the high performance of the membrane can be attributed to the
presence of a porous dendrimer layer and a thinner PA layer on the top (Figure 6e). This
configuration provides a uniform transformation pathway, facilitating water flux while im-
proving selectivity and salt permeation. In addition, the larger surface area of the nanovoids
allows water to permeate efficiently, with increased salt rejection rates (Figure 6e) [86].
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Figure 6. Morphological features of an asymmetric PA membrane: (a) TEM micrographs without
the dendrimer; (b) with the covalent assemblies of dendrimer; (¢,d) permeation and selectivity of an
asymmetric membrane produced via IP on dendrimer and other available membranes reported in the
literature, including commercial ones; and (e) schematic representation illustrating the transportation
of water (salt water) across the membrane without and with a dendrimer porous layer, as fabricated
via diazotization prior to IP. Reprinted with permission from Nature Comm. [86], Copyright 2020
Nature Portfolio. The article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution, and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

In a similar approach, researchers utilized graphitic carbon nitride (g-C3Njy) to con-
struct a double-layered PA membrane through IP, aiming to achieve ultrapermeability and
excellent selectivity for water purification [87]. Here, g-C3Ny4 functions similarly to the den-
drimer mentioned earlier, influencing the IP process by reducing the monomer diffusion at
the interface. This reduction results in the formation of a nanoscale-hollow-cone structure
within the fabricated membrane.

Figure 7 illustrates a schematic representation of this process. To support PES, a suspen-
sion of g-C3N, and PIP in an aqueous solution is deposited via dip-coating. After drying,
the support coated with g-C3Ny4 and PIP is immersed in a solution of TMC in n-hexane, with
IP performed by heating the entire assembly to fabricate a porous and ultrapermeable mem-
brane. The surface morphological studies using SEM reveal an ordered structure in the PA
membrane post IP (Figure 7c,d). The tilted nanosheets of g-C3Ny4 and their interlayer spaces
noticeably influence the diffusion of the reacting molecules, resulting in a uniform struc-
ture with hollow channels within the membrane (Figure 7d). The ultrapermeability and
separation selectivities of the membranes have also been investigated, revealing a superior
water permeance of 105 L m~2 h~! bar~! and a high selectivity of 130 for C1~ over SO42~
(Figure 7e). These outcomes offer promising opportunities for rapid and precise separation
of pollutants from water [87]. Further advancements in PA-based membranes include
the use of a fluorinated amine monomer (CF3(CF,), CONH(CH,CH,NH),CH,CH,;NH,)
to fabricate membranes via IP with TMC for NF [88]. The perfluoroalkyl groups in the
active layer of the PA are responsible for the decreased surface energy. Consequently, the
membrane exhibits superior self-cleaning and antifouling properties. These membranes
have shown potential suitability for wastewater treatment [89,90].

175



Polymers 2024, 16, 271

(a) " Fo 4L
KT K oo e

Polyamide film without g-C;N,

(c)

Piperazine y Q )
cloc” ~#~cocl ©

Trimesoyl
chloride

Interfacial
polymerization A%

Organic
phase
z
=
Interfacial 2 0l
space for { A S §
polymerization I [
2 .
! *
= 1}
Aqueous -
phase
0.1
g-CsN,

Permeance (LmZh'bar?)

Figure 7. Fabrication process of a membrane utilizing a layer of porous g-C3Nj: (a) Deposited on a
support in order to conduct IP of two monomers, namely PIP and TMC, leading to polycondensation
within the interfacial space. (b) Representation of TMC molecules dissolved in the organic phase,
with the PIP (remaining in the aqueous phase) adsorbed on the g-C3Nj surface, resulting in a slow
diffusion of PIP molecules through the pores. (c¢) Scanning electron microscopy (SEM) image of a
tradition PA film without g-C3Ny4 and no porous morphology. (d) SEM image of a porous and double-
layered PA membrane after IP, displaying a superstructure with ordered nanovoids. (e) permeance
and selectivity of the membrane. Reprinted with permission from Nature Comm. [87], Copyright
2023 Nature Portfolio. The article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution, and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

In pursuit of a superior membrane based on PAs, a recent report introduced a scalable
and versatile fabrication method that combines phase inversion and IP methods for large-
scale membrane production [91]. Figure 8 depicts a schematic representation describing
this process for fabricating a membrane with ultrathin selective layers. In the first step,
a monomer is dissolved in an aqueous phase together with polymer powder (PES) to
prepare a homogenous solution that is cast onto a glass substrate. After drying, the glass
substrate coated with the monomer and polymer powders is subjected to phase inversion
by soaking in a coagulation bath containing water (Figure 8a). A solidified membrane
is formed as a result of the solvent/nonsolvent exchange process. A solution of TMC in
n-hexane is poured onto the membrane surface to initiate the IP process, resulting in the
formation of a TFC membrane (Figure 8a). For comparison, in a separate study, the PIP
monomer was replaced with cyclodextrin, which is also soluble in the aqueous phase. The
chemical structures of the PIP and cyclodextrin membranes are shown in Figure 8b. The
filtration performance tests of these membranes showcase superior water permeability
and salt rejection (Figure 8c). The membranes exhibiting excellent performance surpass
conventional membranes fabricated exclusively via a single method [91].
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Figure 8. (a) Schematic representation illustrating the scalable manufacture of TFC membranes by
combining state—of-the-art phase inversion and IP in which (b) PIP and 3—-CD are used as aqueous
monomers for conducting IP with a TMC monomer dissolved in the organic phase. (¢) Performance
evaluation of the membrane concerning water permeability and salt rejection. Reprinted with
permission from Environ. Sci. Technol. [91], Copyright 2020 American Chemical Society.

PA has been the material of choice for fabricating membranes, particularly when
employing aromatic amine monomers like m-phenylenediamine (MPD) for initiating
IP on diverse surfaces such as PSF and nylon, by integrating them with a 2D material
known as MXene. MXene is known for its large surface area, abundant nanochannels,
hydrophilicity, and robust mechanical properties. This led to the development of MXene
(TizCy Tx)-PA membranes fabricated via IP. These membranes exhibit enhanced water flux,
antifouling, and chlorine resistance, showcasing benefits for water desalination. These TFC
membranes have found application in forward osmosis, water purification, and organic
solvent recovery [92,93].

3. Membrane Based on Polyvinylidene Fluoride (PVDF) and Its Derivatives

Following the extensive utilization of PAs, PVDF (-(CH,CF;),—) has emerged as
another favored polymer for fabricating membranes due to its impressive mechanical
strength, chemical resistance, and thermal stability [94]. Its solubility in various common
solvents and easy processability allow the manufacture of flat sheets, hollow fibers, or
tubular membranes suitable for MF or UF.

As an advancement, a current modified-phase-inversion fabrication of a PVDF-based
membrane is shown in Figure 9. Following this concept, a blend of PVDEF, KCl, and Bi(NO3)3
in EG and NMP is coated on a glass substrate (Figure 9a) [75,95,96]. Before and after the
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addition of PVDE the blend appears white and opaque (Figure 9al-a4). The formation
of a complex between Bi** and EG, and its further interactions with the PVDF backbone
may have contributed to this color change. Furthermore, the coated substrate is immersed
in DI water to initiate the phase inversion process. This process induces phase separation,
resulting in the precipitation of BiOCl and the formation of a superhydrophilic membrane
(Figure 9b). Performance tests conducted on these membranes suggest their successful use
in water filtration, particularly with substances like HA and bovine serum albumin (BSA),
further confirming their roles as separators and antifouling agents (Figure 9c,d, respectively).

PVDF-BiOCI

(a) Water Phase Phase membrane (b)

II'IVOI'SIOI'I

inversion
BiOCI BiOCI
PVDF+Bi**+Cl-in EG+NMP:
| ‘ = < precipitation %pwcmmﬂo
g l '

= CI
Z f eBiOCI
;%/ "\ PVDF chain \Precipitated
= [Bi(OCH,CH,OH)]* PVDF -
o 3 o 2 =
S5 § S ~
B B B BP i ghe Bf
1.0BiOCI
NS N RSN/ :
AN N OO N O :
AN A @

H OH OH OH OH OH

(c) 1000 HA separation 10001 (a) vy pvDF
o2 @0.32 bar (d) +  PVDF-0.8BiOCI * % Pure water flux
B0f e 0? 5 800 TMP: 0.32 bar

. 3
PVDF-0.8BiOCI

Permeate Flux (Lm'zh" har")
8
=]

&&*\@

400 by 400
v PVDF
200 M 2 4 200
* % Pure water flux cyc-e1 ~ Cycle 2 Cycle 3
o N s N
% 15 30 45 60 30 45 s 75 90 105 120 135
Time (min) Time (min)
= pVDF p—
= PVDF-0.8BiOCI 100 — :zgi 0.8BIiOCI
100 &
80
F 90 g
= 13
= S 60
g 3
2. 80 S
3 = 40
< <
] a
70 20
60

o
Cyclel Cycle2 Cycle3

Figure 9. (a) Schematic representation illustrating the modified-blending-phase inversion and its
mechanism for fabricating PVDF-BiOCl membranes: (al) Bi** + Cl~ + EG + NMP, (a2) EG + NMP +
PVP + PVDE, (a3) Bi®* + EG + NMP + PVP + PVDF, and (a4) Bi**+Cl~ + EG + NMP + PVP + PVDF
represent various solutions utilized in the studies. (b) Images of the membranes with varying BiOCl
content formed from the reaction of ethylene glycol, potassium chloride (KCI), and bismuth(III)
nitrate (Bi(NOs3)3). (c) Changes in permeate flux and rejection ratios of the PVDF and BiOCI-0.8BiOCl
membranes using 0.1 g/L humic acid (HA) solutions. (d) Permeation flux and rejection for BSA
illustrating antifouling properties. Reprinted with permission from Separation and Purification
Technology [75], Copyright 2021 Elsevier.

Further progress towards the development of PVDF membranes has explored more
innovative and unique approaches, including the utilization of thermosalient (TS) crystal
monomers such as 1,2,4,5-tetrabromobenzene (TBB). This compound is recognized as an
energy-efficient—-dynamic crystalline material due to its phase transition occurring above
room temperature (Figure 10a) [97,98]. These dynamic functional crystals can activate the
membrane via mechanical or heat responses, thus increasing the mass transfer. To fabricate
these smart, responsive membranes, a layer of PVDF was integrated with a polyvinyl
alcohol (PVA) hydrogel (Figure 10a). The fabrication process involves incorporating dy-
namic crystals of TBB into an aqueous solution containing PVA and glutaraldehyde (GA),
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(a) Smart dynamic membranes for water purification (b)
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resulting in a suspension. Treatment of this suspension with hydrochloric acid or HCl leads
to its casting on the porous surface of the PVDF film. Subsequent polymerization between
TBB and GA was performed to obtain a smart PVDF-PVA membrane with dispersed TBB
crystals (Figure 10a,b). Experiments conducted to evaluate the transmembrane flux of these
membranes showcase improved and superior performance compared with the undoped
PVDF-PVA membrane (Figure 10c). Even after the fifth operational cycle, the average
flux of TBB-doped membranes remains consistently higher, surpassing 160% (Figure 10c).
Notably, the phase transition of TBB crystals likely impacts the transport properties upon
heating and cooling. Applications of these membranes include distillation and antifouling.
Additionally, with regard to hybrid PVDF membranes, another example involves the fabri-
cation of polyaniline (PANI) layers within a PVDF matrix to optimize the hydrophilicity,
porosity, antifouling properties, solvent content, and water flux. Figure 10d illustrates a
schematic for manufacturing a PVDF-PANI hybrid membrane and its performance char-
acteristics. These membranes have proven effective in the removal of harmful dyes from
textile wastewater [99].
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Figure 10. Hybrid and smart membranes based on PVDE. (a) PVDF film integrated with a different
polymer and dynamic crystalline materials that are capable of sudden expansion or motion under
thermal stimulation. (b) Microscopic image of the membrane. (c) Membrane water flux and dura-
bility. (d) Hybrid membranes of PANI and PVDF exhibiting (e) high dye rejection performance.
Reprinted with permission from Nature Commun. [97], Copyright 2023 Nature Portfolio, and Ad.
Eng. Mate. [99], Copyright 2022 Wiley-VCH GmbH, respectively. The Nature Communication article
is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution, and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made.

In the study, a phase-inversion method is employed to fabricate PVDF membranes with
various PANI concentrations (Figure 10d). The addition of PANI (PANI (1-4 wt.%) increases
the hydrophilicity of the resulting membrane with reduced pore size, as evidenced by the
contact angle and SEM measurements. The operational experimental results demonstrate
an enhancement in water flux from 28 to 47 L m 2 h, signifying increased hydrophilicity
upon addition of PANI to PVDE Furthermore, the performance tests exhibit high rejection
of dye molecules (allura red and methyl orange) (Figure 10e).

Graphene oxide (GO), a widely recognized 2D nanomaterial, has been extensively
utilized in various research studies, including its integration with PVDF-based membranes.
This integration is due to GO’s advantageous attributes, such as large surface area, chemical
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inertness, and robust mechanical properties [100,101]. The functional moieties in GO enable
surface modification in membranes, essential for simultaneous removing and recycling of
industrial organic dyes. To achieve these functional features in a membrane, a simple and
straightforward electrospinning approach was employed. This technique facilitated the
fabrication of versatile porous structured PVDF-graphene oxide (PVDF-GO) nanofibrous
membranes (NFMs) (Figure 11a). The scheme in Figure 11a illustrates the electrospinning
of the solution of PVDF and GO that yielded the nanofibers, which were then collected on
a rotating collector [102].
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Figure 11. Illustration of two different strategies wherein (a) the nanosheets of GO in combination
with PVDF were electrospun to generate (b) the membranes with knots and with preferential affinity
towards positively charged dye molecules. (c¢) In another method, functionalization of graphene
nanosheets was implemented to control the degree of hydrophobicity, and subsequently a membrane
with (d) a PVDEF solution is cast via a phase inversion step. (e) The performance of the hydrophobic
PVDF-GO membrane. Reprinted with permission from Environ. Sci. Technol [102], Copyright 2018
American Chemical Society, and Journal of Environmental Chemical Engineering [103], Copyright
2023 Elsevier, respectively. The article is open access, distributed under the terms of the Creative
Commons CC-BY license, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

In these membranes with porous and uniform geometries, the 3D pores are intercon-
nected through triangular junctions, playing a significant role in the selective separation of
various organic dyes (Figure 11b). During filtration, the membranes showcase a selective
affinity towards positively charged molecules such that negatively charged organic dye
molecules could pass through it and allow selective separation, as is needed for industrial
water treatment (Figure 11b). These NF membranes exhibit 99% selectivity for positively
charged dyes and 100% rejection of negatively charged dyes from mixed solutions [102].

In a similar study focusing on hydrophobicity and its influence on water flux and salt
rejection, GO nanosheets were functionalized covalently and subsequently integrated with
PVDF via a phase inversion method to fabricate a hydrophobic membrane with higher effi-
ciency (Figure 11c,d) [103]. Two grafting agents, octylamine (OA) and perfluoroctylamine
(PFOA), with distinct degrees of hydrophobicity, were anchored onto the GO surface (Fig-
ure 11c). As a result, the increased contact angle and porosity in the membrane directly
impact its flux and rejection, reaching 8.8 L m~2 h~! and 99.9%, respectively (Figure 11e).
These membranes demonstrate promising applications in water [103-106].

180

- PVDF




Polymers 2024, 16, 271

4. Membrane Based on Poly (PEEK) and Its Derivatives

PEEK, a high-performance polymer, exhibits high performance, excellent mechanical
properties, chemical resistance, thermal stability, and self-lubrication properties
(Figure 12) [107-109]. Owing to its processability in various solvents, it has also been
used in multiple sectors, spanning aerospace, chemical industry, biomedicine, and mem-
brane technology [108-111]. By introducing carbon fibers, carbon nanotubes, and various
nanoparticles into its matrix, the properties of PEEK can be further tailored, with the
resulting composites finding applications in membrane production (Figure 12).

PEEK Composite
Poly(ether ether ketone)
PEEK “':\h/\ Membrane
% . . . . ] 2D material

Functionalized Graphene
PEEK

Dlrect fabrication

v

Engineering plastic

Multiple applications

Excellent mechanical properties
Chemical resistance
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VVVY

Figure 12. Typical PEEK polymer with its functionalized and composite derivatives that are used for
membrane fabrication.

In a recent innovative approach, a PEEK hollow fiber membrane (PHFM) was initially
fabricated from the blend of PEEK and PEI via melt spinning, as shown in Figure 13a [112].
Next, the ketone groups located on the surface of the hollow fibrous membrane were
reduced to alcohol functionalities to anchor an active unit or initiator to create hydrophilic
brushes via a controlled polymerization reaction, namely, atom transfer radical polymeriza-
tion (ATRP) (Figure 13c,d). The analysis revealed that these hollow fibrous membranes were
decorated with a hydrophilic layer of 2-hydroxylethyl acrylate (HEA) chains that directly
affected the permeability, separation, and antifouling performance of the membranes [112].

Performance tests for these hollow PEEK membranes indicate a high water flux and
BSA rejection ratio (Figure 13e,f). The hydrophilic channels resulting from the HEA chains
increase the permeability of the membrane. Moreover, the membrane exhibited enhanced
antifouling properties attributed to intermolecular repulsion between the fouling agent
and the membrane. These modified PEEK base membranes, fabricated via melt spinning
followed by covalent functionalization of the surface, are considered promising candidates
for wastewater separation and purification.

In 2023, another novel approach presented a membrane with highly stabilized poly-
meric interfaces and 2D GO nanosheets, as shown in Figure 14 [113]. Several layers of
polyaniline were created via in situ polymerization within the assemblies of PEEK and GO
to regulate the pore size of the membrane (Figure 14a). Oxidative polymerization with
ammonium persulfate or (NHy4)25,0g led to the anchoring of polyaniline layers. As a result,
a modulated microporous structure was developed within the membrane. Membranes with
stabilized interfaces and modulated levels of hydrophobicity exhibited flexibility and high
separation efficiency (Figure 14b). A rejection of 85% for RB was estimated (Figure 14e).
These PANI@GO/PEEK membranes were durable for up to 100 h with a well-maintained
water flux (Figure 14f). The performance of these membranes suggested their potential role
in large-scale water purification.
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on the surface to afford the ATRP active hollow fibrous membrane, which upon further treatment
with a hydrophilic monomer, HEA, and a catalyst produces (d) brushes (polymeric chains of HEA)
on the membrane surface with improved performance, for example, (e) improved water flux and
(f) rejection ratio for BSA. Reprinted with permission from Chemical Engineering Journal [112],
Copyright 2023 Elsevier.
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PEEKt, and graphene nanosheets integrated in four successive steps; wherein, (1) PEEKt was fab-
ricated via phase inversion, (2) a layer of GO nanosheets was integrated to PEEKt, and (3) layers
of PANI were created in situ accompanied with the reformation of PEEKt into PEEK, leading to
the (4) PANI@GO/PEEK membrane with multiple interfaces. (b) Schematic diagram illustrating
the separation process through multiple interfaces. (c,d) Depiction of the free standing film of the
precursor, GO/PEEKY, and the final product, PANI@GO/PEEK, after hydrolysis and oxidative cou-
pling polymerization of PEEKt. (e,f) The rejection of Rose Bengal sodium (RB) and crossflow of the
PANI@GO/PEEK membranes, respectively. Reprinted with permission from the Adv. Sci. [113],
Copyright 2023 Wiley-VCH GmbH. The article is open access, distributed under the terms of the
Creative Commons CC BY license, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

5. Membranes Based on Porous Organic Polymers and Covalent or Metal Organic
Frameworks (COFs/MOFs)

A new category of hybrid porous materials that combine advantages of both organic
polymers and crystalline MOFs have emerged and been utilized for fabricating membranes
with greater efficiency for water treatment. These hybrids have garnered attention due
to their well-defined supramolecular architectures derived from fundamental building
blocks, such as metal clusters and organic ligands. These materials are being explored
for the manufacture of membranes designed for water treatment. In these hybrids of
polymers and MOFs, a suitable organic ligand is coordinated with a specific metallic center,
producing coordinated supramolecular assemblies with long-range order (Figure 15a).
These molecular assemblies can be extended into two or three dimensions depending on
their linkages [114].

(a) Metal-Organic (b) Covalent Organic

---------
-~ S~

~., Frameworks (MOFs) Frameworks (COFs)

Coordination polymers with metal Porous organic polymers
clusters Permanent porosity
Highly 1-3D crystalline Highly ordered structures
Stable porous network Controllled geometry

Figure 15. Coordinated and porous organic polymers categorized as (a) MOFs and (b) COFs, respec-
tively, exhibiting common features such as stable porosity, crystallinity, high order, and controlled ge-
ometry.

The key features of MOFs or coordinated macromolecules include ordered open chan-
nels, large porosities, predictable pore sizes, and adjustable chemical environments, which
offer great opportunities for separation applications. There is a subcategory of polymers
that, while lacking metal centers, consist of covalently linked 2D scaffolds with the desired
geometries and multiple reactive sites. Correspondingly, it has also attracted considerable
attention [115]. These covalently linked 2D scaffolds are known as COFs or porous organic
polymers, offering a molecular platform for tailor-made functional materials for membrane
development (Figure 15b). Usually, these COFs are crystalline with stable and permanent
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porosity and are organized in an extended polygon network. These significant features of
COFs have allowed researchers to exploit them for membrane manufacturing. Focusing on
MOFs, a research group has devised a scalable fabrication method for producing rolls of
membranes by using ultra-high-molecular-weight polyethylene, in which MOF particles
were interwoven by combining a TIPS and hot pressing (TIPS-HoP) strategy [116]. The
combined TIPS-HoP strategy, as shown in Figure 16a, involves several steps: first, blending
MOF crystals with high-density polyethylene (HDPE, M,, > 40,000), melt index =2.2¢g
per 10 min) and ultra-high-molecular-weight polyethylene (UHMWPE, M,, > 1,500,000)
in paraffin at a higher temperature of 200 °C, allowing the HDPE and UHMWPE to melt;
second, placing this molten blend on a moving belt while temperature is brought to ~90 °C
for a soft solidification; and third, pressing this soft bulk blend via a roll-to-roll hot press-
ing at 120 °C resulting in the formation of a membrane which was washed in methylene
chloride or CH,Cl; to remove the paraffin used in the previous step.
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Figure 16. (a) TIPS and hot pressing were used to fabricate roll-roll membranes of MOF in which
MOF crystals were loaded into the matrix of HDPE (M, > 40,000, melt index = 2.2 g per 10 min)
and UHMWPE (M,, > 1,500,000) in a molten state which, after cooling to 90 °C, was pressed to
manufacture the membranes, with their (b) individual selectivity and permeation for different
molecules such as dyes, racemates, and proteins in water; (c) high performance and recyclability
of the membrane with a fouled and cleaned stage; (d) ultrathin nanoporous MOF membrane with
intra-crystalline defects as created via missing linker within the MOF. (e f) The ultrathin membrane
with manipulated defects showed a higher water flux and salt rejection as compared to the membrane
without any defects. Reprinted with permission from Nature Communi. [116], Copyright 2019 Nature
Portfolio, and Nature Communi. [117], Copyright 2023 Nature Portfolio, respectively. These articles
are licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution, and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made.

The MOF-PE membranes fabricated via the TIPS-HoP procedure are highly flexible
with micron-sized channels, wherein the MOF particles were linked via ultra-high-molecular-
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weight PE. This renders them as highly efficient separation membranes possessing both high
selectivity and high flux (Figure 16b). In the study, several MOFs were used to manufacture
roll-to-roll membranes to examine their individual selectivities and permeations for different
molecules such as dyes, racemates, and proteins in water (Figure 16b). The permeance
tests of these membranes have indicated only 10% decline after 5 h of operation with an
outstanding antifouling effect (Figure 16¢). The pollutants collected on the membrane surface
were eliminated, and the performance of the membrane was further retained (Figure 16¢). The
high and consistent water fluxes of these membranes with significant rejection make them
suitable for water treatment and antifouling sustainable agents [116].

In further advancements related with the MOFs-based membranes, a special strat-
egy to manipulate and rationally design defects was followed to demonstrate how ratio-
nally designed defects in a MOF crystal can be used for high-performance membranes
(Figure 16d) [117]. In the study, the team used an acetic acid or CH3COOH modula-
tor to create intracrystalline defects in the membrane by breaking the linker present in
the MOF (UiO-66), which further assisted in producing an ultrathin layer of the mod-
ified MOF (Figure 16d, lower panel). As per the performance tests, these ultrathin
membranes with well-designed defects showcased an improved water flux, as high as
~29.8 L m 2 h™!, thereby surpassing the efficiency of other existing membranes for water
treatment (Figure 16e,f). Furthermore, the membrane maintained salt rejection (approxi-
mately 99.8%) for a longer period of time and can be operated for 12 y at a typical content
of salt (Figure 16f). Nevertheless, membranes with rationally designed defects were added
to boost the membrane profiles for water purification [117].

With the emergence of new functional nanomaterials, further expansion of the above
membranes has led to utilization of COFs. They are porous organic polymers which, owing
to their robust stability and ordered network of nanochannels, offer superior selectivity and
permeation [55,118]. Considering these unique properties, a next-generation membrane
was fabricated via IP, wherein an oil-water—oil three-phase system was used as a method for
preparing the COF nanosheets. These sheets were subsequently processed as a membrane
via the filtration assembly method (Figure 17a) [119]. In the top organic phase, the diamine
monomers with three kinds of acid groups, including the 2,5-diaminophenylphosphonic
acid group (Pa—PO3H3), the 2,5-diaminobenzenesulfonic acid group (Pa-SO3H), and the
2,5-diaminobenzoic acid group (Pa—CO,H) were dissolved. Conversely, in the bottom
organic phase, an aldehyde-based monomer (1,3,5-triformylphloroglucinol, Tp) was added,
with the middle phase being pure water or an acidic or basic solution (Figure 17a,b).

As the monomers diffused towards the aqueous phase, they underwent polymerization
in the interfacial space, resulting in the assembly of COF nanosheets. These nanosheets
displayed a dimensional crystalline lattice, as observed with high-resolution TEM (Figure 17c).
Subsequently, from the colloidal solution of these nanosheets, a membrane was fabricated
via a filtration assembly using a porous support (PTFE with an average pore size of 200 nm)
(Figure 17a). For a binary mixture of K*/Li*, these membranes have shown a high ion
permeance with a selectivity of 4.2—4.7. The permeation performance of these membranes
was high for single-cation transport, whereas it decreased significantly for binary mixtures
(Figure 17d). Nevertheless, the study demonstrated a novel concept of confined cascade
separation to successfully enhance the ion transport and separation processes [119].

In a rather simple and straightforward approach, COF membranes based on the
1D cellulose nanofibers (CNFs) and 2D COF nanosheets were fabricated by combining
two simple steps: (1) mixed-dimensional assembly of a Schiff base-type COF TpTGcy
(1,3,5-triformylphloroglucinol, Tp and triaminoguanidinium chloride, TG¢;) and cellu-
lose nanofibers (CNFs), and (2) vacuum assisted self-assembly of the composites of COF
TpTG@CNFs on to a PAN substrate (Figure 17¢e) [120]. The hydroxyl groups present on
the surface of the CNFs interacted with the positively charged guanidinium units in the
TpTGc (COF) framework, leading to dense interlocking in the nanosheets (Figure 17e).
Interlocking further increases the mechanical strength and reduces the pore size of the
membrane [121]. The separation performance of these membranes can be easily optimized
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by changing the CNF fraction during fabrication. These membranes have performed with a
higher permeation flux of 8.53 kg m~2 h~! and a separation factor (0 ater /n-butanol) Of about
3876 for the water/n-butanol mixture (Figure 17f). According to the proposed transport
mechanism for higher permeation flux, water molecules were preferentially adsorbed onto
the membrane surface (Figure 17g). Subsequently, these molecules diffused faster through
the well-organized channels of TpTGc). A successive interlayer of CNF attracted these
water molecules at a large concentration with enhanced selectivity via molecular sieving
effects. Consequently, a large number of water molecules pass through the next interlayer
of TpTG, at a rapid rate. This entire process leads to a higher water flux, in which the
molecules of the respective alcohols are rejected (Figure 17g). Superhydrophilic membranes
with interlocked networks and reduced pore sizes are useful for solvent dehydration and
the removal of dyes or salts from water [121].
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Figure 17. Fabrication of highly porous membranes utilizing (a) three-phase (organic-aqueous—
organic) IP of (b) two different monomers: first, to produce the nanosheets of COFs subjected to a
vacuum filtration assembly on a substrate, leading to the (c) formation of a dense membrane with
a high degree of porous and crystalline networks. (d) Water flux ability and selectivity of a COF
membrane in a binary mixture. (e) Membrane fabricated via the combination and synergism of mixed-
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dimensional assembly (step 1) and vacuum assisted self-assembly (step 2). (f) Permeation properties
of the membrane with (g) different transport channels in which the feed can run at various speeds
or rates. Reprinted with permission from Nature Communi. [119], Copyright 2022 Nature Portfolio,
and Nature Communi. [120], Copyright 2019 Nature Portfolio, respectively. These articles are
licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution, and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

6. Conclusions

Drinking water scarcity has become a serious threat to human civilization worldwide.
The influx of large-scale pollutants, such as organic dyes, detergents, toxic metals, and even
byproducts of fertilizers (after their degradation), as well as next-generation nanoparticles
or quantum dots, have adversely affected groundwater and rivers. Polluted water not only
increases the risk for the extinction of numerous animal species, but also reduces drinking
water availability. To treat polluted water or purify it to eliminate toxic and biohazardous
elements, an operational filter device with an integrated membrane is required, which
can work at a minimum energy cost (with high efficiency). As a membrane material,
a number of well-known polymers such as PAN, PVDEF, PES, PSF, PEEK, PA, PU, and
poly(styrene) have been fabricated by following various methods and their improvised
versions. These methods include IP, sputtering, solution casting, extrusion, melt pressing,
phase inversion, and electrospinning. More advanced fabrication processes, such as mixed
self-assembly followed by vacuum-induced self-assembly, have also been successfully
attempted. With a focus on novel chemistry and controlled properties, such as pore size
and interlocked networks, the latest materials, graphene, MOFs, and COFs, have been
considered as alternatives to polymers owing to their supramolecular architectures, defects,
and robustness. The manipulation of defects within these functional frameworks and the
fabrication of membranes have shown promising outcomes. With regard to water flux and
rejection of pollutants or salts, membranes based on the above frameworks have displayed
superior performance. However, owing to their solid and supercrystalline nature, the
processability of these materials remains challenging. Nevertheless, recent progress in
polymeric materials and their derivatives for membrane fabrication, as highlighted in this
review, has led to a scenario wherein their integration into a water filter device can be
accomplished. The quest to conserve or produce drinking water either by purifying it from
polluted resources or by desalination of seawater is still ongoing.

7. Challenges and Perspectives

Despite the significant advancements in membrane materials summarized above,
several issues need to be addressed or minimized for their continued improvement and
widespread applications. For example, the fouling and wetting of membranes can impose
major problems with regard to their performance and durability. Over time, irreversible
fouling can cause the membrane to disintegrate, necessitating a replacement. Membrane
wetting is another concern that must be addressed as it can damage the membrane, reducing
its lifespan. The sustainability of these membranes is a major focal point due to the
negative or harmful effects on the environment. At the industrial scale, the production
of membranes must be cost effective; thus, a rather cheaper raw material would serve
this purpose. However, the design and development of a cheaper material for membrane
fabrication that can work with its maximum water flux and can be deployed under any
condition or weather remain major tasks that need to be accomplished. Further challenges
may also involve reducing the greenhouse gases and industrial waste generated while
producing these membrane materials; thus, more materials based on biomass could be
alternatives. Precise control over pore size and functionality, which are directly associated
with membrane selectivity, is another domain in which further improvements are required.
Although there are a number of commercial membranes sold in the market for water
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treatment applications, they also suffer from similar problems, for instance, fouling and
wetting. As a result, the production cost of more membranes increases significantly. This in
turn puts an extra burden on the raw materials as far as their sources are concerned, which
inflicts a severe toll on the environment. The energy consumption required to operate the
filter device must be reduced. Accordingly, the focus needs to be shifted towards sunlight
for supplying power to these filter devices at home or anywhere. Notably, a paradigm
shift from polymers to 2D materials for membrane fabrication has already occurred, with
some positive outcomes. Although, the materials such as graphene, MOFs, and COFs
have fulfilled expectations to a large extent, the production of a commercial membrane
based on these materials is still a pipedream. For example, manipulating defects in these
materials and placing an appropriate chemical functionality within the pores or channels
for selective permeation and rejection are other research-related barriers that need to be
overcome. Moreover, these 2D nanomaterials are not easy to process and hence could pose
additional challenges when fabricated at the industrial scale.
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