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Preface

This reprint, entitled “Advanced Membrane Technologies for Wastewater Treatment and

Recycling,” encompasses a wide spectrum of subjects, including membrane technology, membrane

modification, wastewater treatment, membrane bioreactors, membrane fouling, and fouling

mechanisms. Its primary focus is to comprehensively explore cutting-edge advancements and

forthcoming developments in membrane technologies as applied to wastewater treatment and

recycling. Grateful for the substantial support received from numerous scholars regarding this

Special Issue, we are pleased to announce the publication of seventeen research articles and one

communication, all of which have significantly contributed to advancing our scientific understanding

of this field. We extend our heartfelt appreciation to the authors of these articles for their valuable

contributions and to the referees for their rigorous review process. This reprint aims to broaden

its sphere of influence, raising awareness among a wider readership regarding the latest research

advances in membrane technology within the domain of wastewater treatment and recycling.

Hongjun Lin and Meijia Zhang

Editors
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Editorial

Advanced Membrane Technologies for Wastewater Treatment
and Recycling

Hongjun Lin * and Meijia Zhang *

College of Geography and Environmental Sciences, Zhejiang Normal University, Jinhua 321004, China
* Correspondence: hjlin@zjnu.cn (H.L.); mzhang15@zjnu.edu.cn (M.Z.)

In the face of the ever-growing severe problem of water scarcity, wastewater reuse,
recycling and resource recovery are increasingly recognized as crucial part of the solution.
Compared to other wastewater treatment processes, membrane technology stands out with
its distinctive advantages, including simple operation, easy scalability, and chemical-free
operations, and has, therefore, been extensively employed in wastewater treatment and
recycling. Despite the significant progress in implementing membrane technologies for
wastewater treatment and recycling, the application of membranes in wastewater treatment
still confronts various unresolved challenges, such as membrane fouling.

This current Special Issue on Membranes aims to comprehensively cover state-of-
the-art advancements and future developments in the field of membrane technologies
applied to wastewater treatment and recycling. Following the proposal for this Special
Issue, seventeen research articles and one communication were published, all of which
contributed significantly to the scientific understanding of this field. This article presents a
concise summary of the research articles included in this Special Issue.

Half of the published papers in this Special Issue focused on membrane fabrication and
modification, with new strategies developed to improve membrane separation [1–4], per-
meability [5–7], and anti-fouling properties [8,9] by fabricating the membrane structure or
surface properties. For example, Fang et al. [1] fabricated a loose nanofiltration membrane
by integrating blending and interfacial coordination strategies; this resulted in a membrane
with good pure water flux, dye rejection, and salt penetration. Liu et al. [5] synthesized
a covalent–organic framework (COF) composite membrane by assembling COF layers
and the imidazole-quartet water channel, which exhibited excellent performance above
271.7 L m−2 h−1 bar−1 water permeance and above a 99.5% congo red rejection rate.
Wang et al. [9] improved the antifouling performance of this membrane by modifying
the membrane surface hydrophilicity and porosity by mixing polycationic liquid into the
polyvinylidene fluoride (PVDF) membrane.

Of the remaining eight articles, half were related to the application of membrane
bioreactors in wastewater treatment. Dong et al. [10] optimized the membrane biofilm
reactor and hydrogen-based membrane biofilm reactor (MBR-MBfR) to treat low C/N
wastewater and found that proper system functioning was achieved by coupling the partial
nitrification-denitrification (PN-D) process in an MBR with further treatment in an MBfR.
Aguilar-Moreno et al. [11] demonstrated the economic feasibility of ammonia recovery
from anaerobic digestion concentrate using a combination of C/F, aeration, and membrane
contactor. Zou et al. [12] reported that the MPBR system could not maintain long-term
operations under high SRT for municipal wastewater treatment. Such operating conditions
may lead to the decay and deterioration of MPBR’s biological performance while improving
the antifouling performance of microalgae flocs. Alharthi et al. [13] successfully integrated
the moving bed biofilm reactor (MBBR), membrane bioreactor (MBR), and direct contact
membrane distillation (DCMD) treatment steps for industrial wastewater treatment, and
the results showed that high-quality effluents were obtained by the three-step process.

Membranes 2023, 13, 558. https://doi.org/10.3390/membranes13060558 https://www.mdpi.com/journal/membranes
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Cunha et al. [14] characterized water dynamics in cellulose acetate-silica asymmetric
membranes by combining multiple methods, including 1H NMR spectroscopy, diffusom-
etry and relaxometry. In the research conducted by Lu, Bai, and Liao [15], mathematical
modeling was utilized to examine the impact of temperature (mesophilic versus ther-
mophilic) and oxygen partial pressure on the performance of the membrane-aerated biofilm
reactor (MABR), and the results indicated that ThMABR had significant advantages over
conventional mesophilic MABR. Zou et al. [16] investigated the role of Ca2+ addition in
humic acid (HA) fouling and the potential of adding Ca2+ for fouling mitigation in the
coagulation-ultrafiltration process. The results demonstrated the feasibility of fouling miti-
gation by adding Ca2+ into the ultrafiltration process to treat HA pollutants. Li et al. [17]
investigated the water purification effect and membrane fouling mechanism of two types
of powdered activated carbon (PAC) that enhanced PVDF ultrafiltration membranes for
surface water treatment. The results showed that PAC could effectively enhance membrane
filtration performance.

Pereira et al. [18] reported on a study that evaluated the applicability of a previously
developed mathematical model to predict the fractionation of aromas from different chemi-
cal families in real effluents (sardine cooking wastewaters) and remove off-flavors. Their
findings demonstrated that the model simulations were not substantially impacted by the
food matrix, which served to validate and expand the applicability of the model.

The field of advanced membrane technologies for wastewater treatment and recycling
encompassed a broad range of research topics. This Special Issue presents significant
contributions to membrane research, covering membrane fabrication and modification,
membrane bioreactor applications in wastewater treatment, and membrane fouling con-
trol and mechanisms. In conclusion, the editors appreciate the authors’ and reviewers’
valuable contributions to this Special Issue. We are also grateful to the editorial staff of
“Advanced Membrane Technologies for Wastewater Treatment and Recycling” for their
invaluable support.
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and H.L. All authors have read and agreed to the published version of the manuscript.
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Development of Lignin-Containing Cellulose Nanofibrils
Coated Paper-Based Filters for Effective Oil-Water Separation

Anna Mittag 1, Md Musfiqur Rahman 2, Islam Hafez 2,* and Mehdi Tajvidi 2

1 Department of Chemical and Biomolecular Engineering, University of Notre Dame,
Notre Dame, IN 46556, USA

2 Laboratory of Renewable Nanomaterials, School of Forest Resources, University of Maine, 5755 Nutting Hall,
Orono, ME 04469, USA

* Correspondence: islam.hafez@maine.edu

Abstract: New methods of oil-water separation are needed as industrialization has increased the
prevalence of oil-water mixtures on Earth. As an abundant and renewable resource with high oxygen
and grease barrier properties, mechanically refined cellulose nanofibrils (CNFs) may have promising
applications for oil-water separations. The unbleached form of these nanofibrils, lignin-containing
CNFs (LCNFs), have also been found to display extraordinary barrier properties and are more
environmentally friendly and cost-effective than CNFs. Herein, both wet and dry LCNF-modified
filter papers have been developed by coating commercial filter paper with an LCNF suspension
utilizing vacuum filtration. The LCNF-modified filters were tested for effectiveness in separating
oil-water emulsions, and a positive relationship was discovered between a filter’s LCNF coat weight
and its oil collection capabilities. The filtration time was also analyzed for various coat weights,
revealing a trend of high flux for low LCNF coat weights giving-way-to predictions of a coat weight
upper limit. Additionally, it was found that wet filters tend to have higher flux values and oil
separation efficiency values than dry filters of the same LCNF coat weight. Results confirm that the
addition of LCNF to commercial filter papers has the potential to be used in oil-water separation.

Keywords: lignin-containing cellulose nanofibrils; oil-water separation; water filtration; surface
modification

1. Introduction

Due to rapid industrial and economic development, the need for oil and hence
the prevalence of oil-water mixtures has increased dramatically in recent years. These
mixtures have many damaging effects, however, threatening human health, disrupting
ecosystems and the environment, and wasting valuable resources [1]. Specifically,
oily wastewater pollution affects groundwater and drinking water, endangers human
health, affects crop production, destructs the natural landscape, and contributes to
atmospheric pollution [2]. With the international need for oil consistently increasing, it
is likely that these issues of oily wastewater pollution will only compound in future
years. This is incredibly problematic as it limits the amount of usable, clean water—an
essential resource that is already scarce in many parts of the world. By the 2000s, 58%
of the global population lived under some level of water scarcity and that number
is only projected to increase [3]; hence methods of oil-water separation are crucial
for the health of humans and the environment. Specifically, techniques of oil-water
emulsion separation need to be improved as these mixtures are thermodynamically
stable and therefore difficult to manipulate [1]. Current methods of separation include
gravity separation, chemical dispersants, centrifugation, and flotation—all high energy
consuming, costly, complex, and possibly polluting processes [4] and thus an energy-
conscious, eco-friendly, and low-cost solution is needed.
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One promising solution may be to incorporate cellulose nanofibrils (CNFs) into paper-
based filters. Being nontoxic and renewable, paper is a desirable material to work with [5].
Traditional filtration approaches, however, have limited separation efficiency for stable
emulsified oil-water mixtures [6]; due to their large pore size and limited wettability,
commercial filter papers are not successful in effectively separating oil-water emulsions [4].
Recent research on CNFs has identified impressive oxygen and grease barrier properties
that may allow us to functionalize the filter paper for use in these applications. Cellulose is
advantageous due to its renewable nature, biodegradability, low cost, and nontoxicity [7],
and it can be extracted from wood, plants, algae, bacteria, and even tunicates, a family of
sea animals [8]. Cellulose is a linear homopolysaccharide linked by β 1–4 glucosidic bonds,
with the molecular formula of (C6H10O5)n [9]. By applying mechanical treatments such as
grinding, cryocrushing, or microfluidization to both the amorphous and crystalline regions
of cellulose, CNFs can be generated [8].

Recent work has found that CNFs can help produce films with increased barrier
properties against oxygen and grease [10] due largely to the hydrogen bonding between
hydroxyl groups [11] that forms a tight impermeable layered structure. While most litera-
ture on cellulose nanomaterials has focused on bleached nanofibrils, it is also possible to
produce nanofibrils from unbleached fibers as well as recycled cardboard. These resulting
nanofibrils are known as lignin-containing cellulose nanofibrils (LCNFs) and are produced
from unbleached chemical pulps, thermo-mechanical pulps, or old corrugated containers
(OCC) [12]. LCNFs offer many of the same advantages as CNFs but additionally have a
lower production cost and environmental impact for a higher yield [13]. In fact, a previous
study reported that producing 1 kg of LCNFs is 100 times cheaper than producing 1 kg
of TEMPO-oxidized CNFs, a cellulose nanomaterial widely utilized in the literature [12].
There is also promising evidence that LCNF-based materials may even be superior to CNF-
based materials in some applications. In recent experiments, LCNF-modified packaging
has displayed excellent oil barrier properties, outperforming CNF-modified packaging,
likely because of LCNF’s lower polarity and surface energy [5]. Keeping all this in mind, it
would be of great value to utilize LCNFs in oil-water separation as this implementation
would have multi-faceted benefits.

Previous work that investigated self-standing CNF and LCNF films revealed their
production is expected to be slow and energy-consuming [14]; hence an approach that
modifies currently available commercial filter paper was taken in this study. One pre-
viously used method for applying CNFs and LCNFs to materials was to coat a surface
and then thermally dry it [15,16]. Another study at Wuhan University [4] utilized tuni-
cate cellulose nanocrystals to coat filter papers through physical and chemical (i.e., using
a crosslinking agent) methods. Filters prepared via chemical crosslinking exhibited better
oil separation than those prepared via physical modification. More recent studies have
shown cellulose nanofibrils to be sturdier and easier to handle than nanocrystals [17], so
this may be beneficial in regard to the reusability of our developed filters. Recently, other
studies have found promising water-filtration results utilizing membranes made from
natural resources. These include membranes formed out of polylactic acid and gelatin [18],
chitosan-cellulose nanocrystals [19], date seed biomass [20], graphene oxide, sodium algi-
nate, and lignin [21]. Other attempts involved incorporating hydrophobic polymers such
as poly(perfluorooctylethyl methacrylate) or poly(methylhydrosiloxane) with cellulosic
materials [22,23]. However, these treatments are often non-sustainable and may raise
health concerns depending on the chemicals used in these polymeric materials. Despite
the successful attempts, there is still a need to explore and provide a proof of concept of
low-cost alternatives for oil/water separation.
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The overarching goal of this study was to contribute knowledge to advance the
development of an eco-friendly and low-cost filter using LCNFs for effective and efficient
oil-water separation for use in oil-spill accidents and oily wastewater environments. In
this work, a vacuum filtration technique was utilized to apply uniform layers of LCNFs to
the filter paper without crosslinking agents or thermal drying, helping to minimize energy
consumption and provide a low-cost and biodegradable option for oil filters. This approach
was modeled after a previous study at the University of Maine [5] but differs from it by
using filter paper as a starting material and by producing it for oil-water separation rather
than packaging. Our objectives were to improve separation performance and optimize the
time efficiency of paper filters through physical modification using LCNFs.

2. Materials and Methods

2.1. Materials

Whatman grade 5 filter paper (10 cm diameter and 2.5 μm pore size) was purchased
and utilized throughout experiments, both as a control sample and as the base for LCNF-
modified filters. LCNFs were obtained from the University of Maine’s Process Development
Center (PDC) and were made by mechanically refining old corrugated containers (OCC).
The constituents of the OCC LCNFs were 61.86% cellulose, 18.05% hemicelluloses, and
16.67% lignin [24]. The as-received LCNF contained 2 wt% solids but was diluted to 0.1 wt%
solids prior to use. For the oil/water emulsion, vegetable oil was purchased from the local
grocery store, analytical grade Tween80 surfactant was obtained from MilliporeSigma
(Burlington, MA, USA), and analytical grade red oil O (C26H24N4O) dye was sourced from
Alfa Aesar (Haverhill, MA, USA).

2.2. Preparation of LCNF-Modified Filter Papers

The first step in preparing wet and dry LCNF-modified filter papers was to
produce an LCNF suspension. The LCNF suspension was prepared by diluting the
as-received LCNFs to 0.1 wt% solids, sonicating the 0.1 wt% slurry for 3 min at 90%
duty cycle and output control value 3 (Branson 450 Sonifier, Ultrasonics Corporation,
Danbury, CT, USA), and then agitating the mixture using a planetary centrifugal mixer
(Thinky 310, Thinky Corporation, Tokyo, Japan) by mixing for 1 min at 2200 rpm
and then defoaming for 30 s at 2000 rpm. The next step was to deposit the LCNF
suspension onto the filter ’s surface. After testing a multitude of coating methods,
it was determined that the most effective way to evenly coat the filters with LCNF
was to use vacuum filtration. To do so, a commercial filter paper was placed into a
Buchner funnel (10.5 cm diameter) and coated with water to adhere to the funnel,
then the LCNF suspension was poured on top of the filter using a glass stirring rod
to ensure even distribution, the vacuum filtration was run at 20 inHg until the water
in the suspension had successfully passed through the filter and the LCNFs were left
on top. Multiple amounts of the 0.1 wt% LCNF suspension were utilized to create
different coat weights on the filters. After removing the LCNF-modified filters from
the funnel, they were either used immediately in oil-water separation testing (for the
wet filters) or air-dried (for the dry filters). To make sure the dry filters remained
flat while drying, they were restrained and weighed down by PVC rings and metal
weights. Figure 1 displays a schematic of the filter modification process. Both wet
and dry filters with LCNF coat weights spanning from 0 g per square meter (gm−2)
to 9 gm−2 were created and utilized in testing.
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Figure 1. Summary of filter coating process of both wet and dry LCNF-modified filter papers.

2.3. Filter Characterization

The dry LCNF-modified filter paper coat weights were calculated using the mass
differences of the filters before alterations and after the LCNF coating had dried. The
wet LCNF-modified filter paper coat weights were calculated using the mass of LCNFs
suspension that was applied to the commercial filters. In both cases, results were reported
in grams of LCNF per square meter of filter paper (gm−2).

The morphology of the LCNF-modified filter papers was evaluated through scanning
electron microscopy (SEM) imaging. A Zeiss Nvision 40 scanning electron microscope (SEM;
Oberkochen, Germany) machine was utilized to perform SEM imaging on an unmodified
control filter as well as several dry LCNF-modified filters with varying coat weights. To
prepare filters for SEM imaging, samples were cut using a sharp blade so that they could fit
on the SEM sample stub using a double-sided carbon tape followed by a 4 nm of sputter
coating of Au/Pd. SEM images were obtained at multiple magnifications. An electron
high tension (EHT) voltage of 3 kV was maintained at the time of scanning. Only dry
LCNF-modified filters could be visualized by SEM imaging as this SEM could not handle
the moist nature of the wet LCNF-modified filters.

To determine the wettability of modified filter papers, a Krüss mobile surface analyzer
(Krüss GmbH, Hamburg, Germany) was used to measure the contact angle of two drops of
liquids—polar water and non-polar diiodomethane. Each drop was approximately 1 μL in
volume and the contact angles were measured after 1 s of the drop being on the surface.
After measuring the contact angles for each LCNF coat weight, the surface free energy (SFE)
and its polar and disperse components were calculated using the Owens, Wendt, Rabel,
and Kaelble (OWRK) model [25].

2.4. Preparation of Oil-Water Emulsions

Oil-in-water emulsions were prepared using a 1:99 (oil:water) mass ratio. To create a
stable oil-water emulsion, a surfactant was needed. Surfactants are classified by hydrophilic-
lipophilic balance (HLB), which is described as a numeric value that conveys the balance
of the size and strength of two opposite groups, hydrophobic and lipophilic groups, in
an emulsifier [26]. To create a stable oil-in-water emulsion, an HLB between 8 and 18 is
needed. In our experiments, Polysorbate 80, a non-ionic surfactant commonly known as
Tween80, was utilized. Tween80 has an HLB of 15 and thus was an ideal emulsifier for our
experiment. For an 80 mL emulsion, 0.16 g of Tween80 was used. Additionally, red oil
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dye was utilized to help visualize results. The oil, water, surfactant, and dye were mixed
for 1 min at 2200 rpm and then defoamed for 30 s at 2000 rpm in the planetary centrifugal
mixer (Thinky 310, Thinky Corporation, Tokyo, Japan) to effectively prepare a homogenous
emulsion. Using optical microscopy, the emulsion particle size was measured—on average
oil particles were 6.8 microns in diameter—emulsions were determined to be stable if they
did not separate after 15 min.

2.5. Oil-Water Separation Process

The oil-water separation tests were carried out on a vacuum filtration setup, using a
9.5 cm diameter funnel so that the filters formed a cup-like shape, ultimately preventing
liquid from bypassing the filter. A total of 80 mL of the oil-water emulsion was poured
over the LCNF-modified filter papers using a glass stir rod to ensure even distribution, and
the vacuum filtration was performed under a pressure of 27 inHg. A container was used to
collect the filtrate, as ideally the water passed through the filter and the oil was collected by
the filter. The amount of filtrate collected was measured to compare with the initial quantity
of liquid deposited onto the filter. Additionally, the time of filtration was recorded, with
the filtration being considered complete when the time between two consecutive drops
surpassed 10 s. After filtration, the used filter was placed in an oven at 80 ◦C for 2 h to allow
the excess water to evaporate while still retaining the oil collected. These conditions proved
to be an ample amount of time and a high enough temperature to evaporate the water
in our experiments. After drying, the collected oil mass was calculated gravimetrically
by subtracting the initial dry weight of the filter from its dry weight after filtration. A
schematic representation of this oil-water separation procedure is displayed in Figure 2.

Figure 2. Summary of oil-water separation process using vacuum filtration.

Various equations were utilized in order to compare useful variables between the
filters tested. The water flux, J (L m−2 h−1 bar−1), was calculated using Equation (1):

J = V/(AtΔP), (1)

where V (L) is the permeated water volume, A (m2) is the surface area of the funnel, t (h) is
the drain time, and ΔP (bar) is the pressure across the filter paper.

The oil separation efficiency, R1 (%), was calculated with Equation (2):

R1 = (moil f/moil i) × 100% (2)
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in which moil f (g) and moil i (g) represented the mass of oil in the filtrate and the initial
mass of oil used in the emulsion, respectively.

The water separation efficiency, R2 (%), was calculated using Equation (3):

R2 = (mwater f/mwater i) × 100% (3)

where mwater f (g) was the mass of water after the separation process and mwater i (g) was
the mass of water before the separation process.

Optical microscopy was also utilized in order to visualize oil droplets in the emulsions
before and after filtration through the various filters. Image J software (U.S. National
Institutes of Health, Bethesda, ML, USA) was used to estimate the size of the droplets.

3. Results and Discussion

3.1. Filtration Outcomes

As the LCNF coat weight increased on filter papers, so did the oil separation effi-
ciencies, R1. In other words, the more LCNF that was deposited on a filter, up to a coat
weight of around 6.6 gm−2 gsm, the more oil was collected by it in the filtration process.
At approximately 6.6 gm−2, however, the increase in oil separation efficiencies seems to
level off a bit. Figure 3 displays an oil collection graph in which the x-axis represents
a filter’s LCNF coat weight, and the y-axis represents the oil collection efficiency as calcu-
lated in Equation (2). As seen in the graph, an unmodified commercial filter could collect
approximately 5% of the oil contained within an emulsion, while the LCNF-modified filters
produced in this study collected up to 61% of the oil. This is due to the superior oil barrier
properties of LCNFs that previous studies have identified [5]. While the mechanism for
these properties is not well known, it is possible that lignin adds water resistance and
crack-fold resistance. To further investigate the role of lignin, a control sample of dry
CNF-modified filter paper was tested (coat weight: 7.5 gm−2). At 7.5 gm−2, the collected
oil percent of the CNF-based filter was 75%, whereas that of the LCNF-modified filter was
51% at 6.6 gm−2. The key difference between LCNF and CNF layers used in modifying the
filter paper is the greater extent of hydrogen bonding within the CNF film as opposed to
LCNF film, possibly resulting in a less porous coating layer. This result indicates the need
for a tight network of micro- and nano-sized fibers to achieve a favorable oil separation.
Based on this comparison, the role of lignin as a factor in the separation process is not clear.
However, using LCNF-based materials instead of CNF-based materials is still favorable as
they require less energy to produce.

As explained in the Methods section, the filters were prepared via dry and wet ap-
proaches. It was hypothesized that a wet filter could result in a better oil separation if
nano-sized fibrils were collected on the fibers of filter paper, hence resulting in better
separation efficiency. However, from Figure 3, wet LCNF-modified filters had comparable
oil separation efficiencies, R1, to dry LCNF-modified filters. Furthermore, it is worth noting
that a re-wetted dry filter is not the same as a wet filter as during the drying process,
shrinkage occurs and layers of LCNFs dry together, resulting in decreased swelling abilities
when re-wetted (also known as hornification) [27]. Based on these findings, it is evident
that the application of a uniform and tightly packed LCNF layer on the filter paper enabled
the rejection of oil from the oil-water emulsion. However, further experiments are needed
to verify whether or not adsorption contributes to the separation mechanism.

The visual results of the separation experiments also confirmed these findings. Figure 4
shows the oil-water emulsions before and after filtration through a variety of wet and dry
LCNF-modified filters, as well as through an unmodified control filter paper. Both photos
of the emulsions as well as optical microscopy images of the particles are included for the
unmodified filter and three LCNF-modified filters (wet 2.44 gm−2, wet 8.34 gm−2, and dry
8.22 gm−2). The oil in the emulsions was dyed red so that its presence could be clearly
seen in the filtration process. It is apparent that the unmodified filter paper (Figure 4a) did
a poor job removing oil from the emulsion, as seen in the high prevalence of red dye in the
filtrate image and in the high number of large oil droplets in the post-filtration microscopy
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imaging. The low coat weight wet LCNF-modified filter (Figure 4b) also performed rather
poorly, displaying visual results comparable to the unmodified filter—with the filtrate
color and the post-filtration oil particle sizes being relatively similar. The two high coat
weight LCNF-modified filters (Figure 4c,d) show the large effect of LCNFs on oil collection
ability. The post-filtration photos in both these cases are much clearer than the previous
examples, showing very little red dye, and the post-filtration microscopy images show
much smaller oil droplets. Between these two filters, which have relatively the same coat
weight, it is apparent that the wet LCNF-modified filter (Figure 4c) is more effective than
the dry LCNF-modified filter (Figure 4d) in removing oil, as seen by the clearer filtrate
and smaller oil particles of Figure 4c. The use of microscopy imaging to analyze the size
and morphology of oil droplets was applied to a number of other LCNF-modified filters in
order to further explore the effects of both coat weight and wet versus dry filter conditions.
Table 1 displays the post-filtration average oil particle size (calculated using Image J) and
coefficient of variation of these values for several wet and dry LCNF-modified filters, as
well as an unmodified control filter. Few clear conclusions could be made from the values
collected through microscopy images as a significant pattern did not emerge. For instance,
the average oil particle size post-filtration using an unmodified filter was 8.4 μm, and
using a dry LCNF-modified filter of coat weight 7.2 gm−2 it was nearly identical at 8.1 μm.
Additionally, it may be possible that smaller droplets coalesce after passing through the
filter to make larger droplets, hence increasing the average particle size seen through
microscopy. One trend that was evident through microscopy images, however, was that dry
LCNF-modified filters had a much lower coefficient of variation (ranging from 12.9–94.9%)
than the wet LCNF-modified filters (ranging from 73.1–660.9%). The lower variation of
the oil particles’ sizes after passing through the dry LCNF-modified filters may be due to
the LCNF coat layer being more uniform after drying. When re-wetting dry filters during
filtration, the fibers have a decreased ability to swell [27], rendering them more uniform
than never-dried filters.
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Figure 3. The oil separation efficiencies, calculated by Equation (2), of different LCNF-modified
filters by coat weight. Both dry and wet filters are displayed. Each point represents the average oil
separation efficiency of multiple trials of modified filters with the same target coat weight, with the
standard deviations of said values being displayed in the error bars.
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Figure 4. Photographs and microscopy imaging of oil-water emulsions before (i) and after (ii)
filtration through an (a) unmodified control filter, (b) wet 2.44 gm−2 filter, (c) wet 8.34 gm−2 filter,
and (d) dry 8.22 gm−2 filter.

Table 1. The average size of oil particles in filtrates after running an oil-water emulsion through wet
and dry filters at various LNCF coat weights.

Wet Filters Dry Filters

Coat Weight
(gm−2)

Average Oil
Particle Size

(μm)

Coefficient
of Variation

(%)

Coat Weight
(gm−2)

Average Oil
Particle Size

(μm)

Coefficient
of Variation

(%)

0 8.4 73.1 0 8.4 73.1
2.44 7.0 158.0 7.16 8.1 94.9
3.79 2.3 660.9 8.22 4.7 74.8
7.49 5.5 181.6 8.76 2.8 60.0
8.34 1.0 170.3 10.62 2.7 12.9
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While oil collection is of utmost importance in the development of our filters
for oil-water separation, it is crucial to balance collection effectiveness with time
efficiency so that the filters are usable in the real world. As expected, filters with
a higher coat weight of LCNFs had a longer filtration time, t. Figure 5 shows this
trend, displaying filtration time curves in which the x-axis represents a filter ’s LCNF
coat weight, and the y-axis represents the time to filter 80 mL of an emulsion through
said filter. Trendlines for both the wet and dry LCNF-modified filters exhibit positive
slopes, illustrating that filtration time increases greatly with increased LCNF coat
weights. Another finding from our study was that for filters with similar coat weights,
wet LCNF-modified filters had a shorter filtration time, t, than dry LCNF-modified
filters. One possible explanation for this finding is that as the filter dries, the space
between layers of LCNF decreases, and thus there is less free space for water to travel,
so there is simply more liquid trying to go through a tighter space.
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Figure 5. The filtration time of different LCNF-modified filters by coat weight. Both dry and wet
filters are displayed, each set with its own respective trendline. Each point represents the average
filtration time of multiple trials of modified filters with the same target coat weight, with the standard
deviations of said values being displayed in the error bars.

With the efficiency of time and energy in mind, it is critical to determine an
upper limit coat weight, i.e., the maximum amount of LCNF that can be applied to a
filter without massively inhibiting its ability to allow water to pass through. To aid
in this analysis, we calculated flux values, J, of each filter tested using Equation (1).
Figure 6 displays a graph of the filters’ flux values in relation to their coat weight.
Filters with a higher coat weight displayed a lower flux than filters with a low coat
weight, and dry LCNF-modified filters displayed a lower flux (on average) than wet
LCNF-modified filters. By incorporating trendlines into the flux graphs, we are able
to visualize the coat weight at which water flow levels off, helping to predict the
maximum coat weight of LCNF that one could apply to a filter paper in both wet and
dry conditions. This is an important aspect of the study as it is the balance between
oil collection efficiency (which increases with coat weight) and flux (which decreases
with coat weight) that will enable a filter to be both effective and realistically usable.
The flux of both dry and wet LCNF-modified filters appeared to level off around a
coat weight of 5.3 gm−2. While previous works have not investigated the flux of filter
papers coated in OCC LCNFs, there have been studies that utilize tunicate cellulose
nanocrystals (TCNCs) and bamboo-based LCNFs in similar applications [4,28]. Flux
rates are much higher in each of these studies (reaching up to 317.7 L m−2 h−1 bar−1)
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than the values found in this experiment, but this is likely because both the TCNCs
and the bamboo-based LCNFs are able to coat the inside of the filter paper pores rather
than just coating the surface of the paper as we are. While using OCC LCNF to coat
commercial filter paper means our fluxes are much lower than these reported values,
it also means the process of modifying filters is simpler and more cost-effective.
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Figure 6. The flux values, calculated by Equation (1), of different LCNF-modified filters by coat
weight. Both dry and wet filters are displayed, each set with its own respective trendline. Each
point represents the average flux of multiple trials of modified filters with the same target coat
weight, with the standard deviations of said values being displayed in the error bars.

Another important factor to consider regarding our filters’ usability and effi-
ciency is what we call the water separation efficiency, R2, as noted in Equation (3).
Water separation efficiency is defined as the percent of water originally in the emul-
sion that is recovered after the filtration process. A high water separation efficiency
means that most of the water was able to pass through the filter, while a low value
would signify that some water was collected with the oil (ultimately wasting it).
The water separation efficiencies, R2, for various filters are displayed in Figure 7.
The unmodified control filters had water separation efficiencies around 98%, mean-
ing that even in uncoated filters approximately 2% of the water contained in the
emulsion was lost. The water separation efficiencies of wet LCNF-modified filters
remained relatively constant even as coat weight increased (R2 values ranged from
95.98–98.29%), while those of dry LCNF-modified filters decreased as coat weight
increased (with R2 values below 90% for all of the higher coat weights). This means
that the wet LCNF-modified filters waste less water in the separation process, a
finding once again is contributed to the smaller pores and more densely packed
layers characteristic of dry LCNF-modified filters.
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Figure 7. The water separation efficiency values, calculated by Equation (3), of different LCNF-
modified filters by coat weight. Both dry and wet filters are displayed, each set with its own
respective trendline. Each point represents the average water separation efficiency of multiple trials
of modified filters with the same target coat weight, with the standard deviations of said values being
displayed in the error bars.

3.2. Filter Properties

SEM images of the surface of an unmodified filter and of dry LCNF-modified filters
of various coat weights were captured and are displayed in Figure 8. The commercially
available filter paper was composed of heterogeneous microfibers with distinct borders.
SEM imaging and analysis clearly showed the entangled network of individual fibers
within the unmodified filter paper (Figure 8a). The LCNF-modified filter papers, on the
other hand, displayed a more dense and uniform morphology due to the formation of a
tight LCNF layer on the surface. SEM images of the LCNF-modified filters show a much
smoother filter surface (Figure 8b–e) than the control filter (Figure 8a). As the LCNF coat
weight of filters increased, the size of the pores in the filters visibly decreased and the
presence and entanglement of LCNFs surrounding filter paper fibers increased. While the
filter lightly coated in LCNF (3.11 gm−2) still had a number of voids visible in the 85×
magnified images (Figure 8b), the filter most heavily coated in LCNF (9.54 gm−2) had no
visible voids (Figure 8e), even at the 500× magnification we utilized. The tight network
created by high coat weights of LCNF is believed to be one of the reasons responsible
for creating barrier properties against a number of substances [29]. While SEM imaging
could only be performed on the dry LCNF-modified filters, it is assumed that the wet
LCNF-modified filters had similar trends in decreasing pore size with increasing LCNF coat
weights. One potential difference, however, between the morphologies of the dry and wet
LCNF-modified filters could be that wet filters are packed comparatively less tightly. This
assumption is due to the fact that LCNF experiences shrinkage after drying, and therefore
it is likely that the pores of dry LCNF-modified filters would be slightly smaller than the
pores of wet LCNF-modified filters of relatively similar coat weights.
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Figure 8. Surface SEM images of dry LCNF-modified filters at various coat weights: (a) uncoated
control filter, (b) 3.11 gm−2, (c) 5.49 gm−2, (d) 6.02 gm−2, and (e) 9.54 gm−2 at different magnifications
(85× and 500×). (f) Magnified image of dry filter paper.

Surface free energies (SFE) were calculated in order to evaluate the barrier properties
of the various filters, as SFE has a great influence on a material’s wetting and adsorption
of water, oil, and grease [13]. Previous literature has shown that LCNF promotes a larger
water contact angle and lower surface energy than CNF due to lignin creating greater water
repellency [5]. Table 2 summarizes the water contact angle, diiodomethane contact angle,
surface free energy, dispersive free energy, and polar surface free energy of filters coated in
various weights of LCNF. Once again, only dry LCNF-modified filters were characterized
due to the limitations of the Krüss mobile surface analyzer. Values for the unmodified
commercial filters could not be measured either due to these filters’ extreme porosity or
high hydrophilicity. Our findings show that filters with higher LCNF coat weights tend to
have lower SFE values. These SFE values (which range from 39.5 mN m−1 to 62.8 mN m−1)
are comparable with those reported in the literature, with a prior study finding SFEs of
LCNF-coated materials ranging from (43.6–62.48 mN m−1) [30]. The SFE of our filter with
a low LCNF coat weight was much higher than our other filters’ SFE values. This is likely
due to the fact that our lightly coated filter had an LCNF coat weight of 2.87 gm−2, which
as seen in previous sections, leaves many free pores in the filter surface, while our other
filters have an LCNF coat weight between 5.49–9.23 gm−2.
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Table 2. Water contact angles, diiodomethane contact angles, and surface free energy and its compo-
nents for dry LCNF-modified filters at various coat weights.

Coat Weight (gm−2) 2.87 5.49 6.02 9.23

Water contact angle (◦) 49.9 (±11.4) 78.5 (±6.1) 81.1 (±5.7) 84.9 (±4.4)
Diiodomethane contact angle (◦) 19.2 (±5.4) 46.1 (±3.1) 43.0 (±4.5) 45.0 (±6.2)

Surface free energy (mN m−1) 62.8 (±7.5) 41.2 (±4.0) 41.5 (±4.3) 39.5 (±4.7)
Dispersive surface energy (mN m−1) 48.0 (±1.5) 36.4 (±1.7) 38.1 (±2.4) 37.0 (±3.3)

Polar surface energy (mN m−1) 14.8 (±6.0) 4.7 (±2.4) 3.4 (±1.9) 2.5 (±1.4)

4. Conclusions

Coating commercial filter papers with LCNFs can improve oil-water separation capa-
bilities. Wet LCNF-modified filters collected up to 61% of oil, while dry LCNF-modified
filters collected up to 51% of oil in experiments. Both of these modification techniques
resulted in oil collection improvement, however, as unmodified filters only collected up to
5% of the oil. Wet LCNF-modified filters exhibited a higher flux than dry LCNF-modified
filters, allowing for more time- and energy-efficient processes. Water waste was also lower
when wet LCNF-modified filters were used compared to dry LCNF-modified filters, with
water separation efficiency values above 95% for wet LCNF-modified filters but some
water separation efficiency values falling below 90% for the dry LCNF-modified filters.
Increasing the LCNF coat weight increased the oil collection in both the wet LCNF-modified
and dry LCNF-modified filters. At the same time, however, flux decreased as LCNF coat
weight increased. From SEM images, we can see both these trends are caused by the
smaller pores created by densely packed and entangled lignin-containing cellulose nanofib-
rils in highly coated films. A surface analysis of the modified filters showed that filters
more densely coated with LCNF displayed lower surface free energies than lightly coated
filters, 9.23 gm−2 filters had SFEs of 39.5 mN m−1, while 2.87 gm−2 filters had SFEs of
62.8 mN m−1, which also helps to explain the findings of this study. The modification
techniques described in this work are low-cost, readily available, easily replicable, and
energy-efficient, thus showing promise for a broader impact. Given well-established plat-
forms for coating with CNF-based materials, there is potential for scale-up applications,
but that is not within the scope of this project. Additionally, the filters and LCNFs are
biodegradable and thus can decompose naturally without leaving a larger footprint. Ulti-
mately, this method of modifying commercial filter papers with LCNFs can help produce a
filter that is more economical, environmentally friendly, and attainable than many other
oil-water filtration technologies. Future work will involve collecting real-time data for an
extended period of time to gain further insights into the mechanism of separation.
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Abstract: In this study, PVDF/GO-h composite membranes were synthesised using a homogeniser
to improve the dispersion of GO nanosheets within the composite membrane’s structure, and then
characterised and contrasted to PVDF/GO-s control samples, which were synthesised via traditional
blending method-implementing a magnetic stirrer. By characterizing membrane via X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), water
contact angle (WCA) and membrane performance. SEM results showed that the number of the finger-
like structure channels and pores in the sponge like structure of PVDF/GO-h composite membranes
become more compared with PVDF/GO-s membranes. Water contact angle tests showed that the
PVDF/GO-h composite membranes have lower contact angle than PVDF/GO-s control, which
indicated the PVDF/GO-h composite membranes are more hydrophilic. Results also showed that
composite membranes blended using homogeniser exhibited both improved water flux and rejection
of target pollutants. In summary, it was shown that the performance of composite membranes could
be improved significantly via homogenisation during synthesis, thus outlining the importance of
further research into proper mixing.

Keywords: homogeniser; PVDF; GO nanosheets; ultrafiltration membrane

1. Introduction

Ultrafiltration (UF) processes have received increased attention in liquid separation in
the past several decades, especially in wastewater treatment, medical, food, chemical and
biochemical fields [1]. Compared to micro filtration membrane, ultrafiltration membranes
prepared by ultrafiltration technology have a smaller surface pore size, between 1 and
100 nm [2], and can remove macromolecular organic matter (protein, bacteria), colloids,
suspended solids [3], which makes ultrafiltration membranes play a key role in protein
purification and separation.

Based on its excellent chemical resistance, antioxidation activity, thermal stability and
membrane forming properties, polyvinylidene fluoride (PVDF), a semi-crystalline material,
is used as an UF membrane in wastewater treatment [4–7]. However, due to the inherent
hydrophobicity of PVDF material, the membrane prepared by PVDF often has serious
membrane contamination, which is caused by the physical or chemical interaction between
the membrane surface and the macromolecules or microorganisms in the separation solu-
tion during the membrane separation process [8]. Based on the hydrophobicity of PVDF,
PVDF films tend to have a higher scaling tendency than hydrophilic films with similar
separation characteristics and pore size [9]. An effective approach to solving this problem is
to integrate nanomaterials into the PVDF membrane. The PVDF ultrafiltration membrane
prepared by H. Younas et al. [10] by adding inorganic TiO2 nanoparticles (NPs) has good
hydrophilicity and flux, and also has a high rejection rate of humic acid (HA). In addition,
the study showed that the PVDF hybrid membrane containing vermiculite nanoparticles
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(Verm NPs) was prepared by the opposite method, which had higher anti-pollution per-
formance [11]. These results indicate that the hydrophilic, permeable and antifouling
properties can be improved by incorporating organic materials into PVDF polymers [12].

Graphene oxide (GO)surface contains rich groups, such as carboxyl group, hydroxyl
group and epoxy group [13], which makes GO have good hydrophilicity. In addition, GO
also has good mechanical strength, electrical conductivity, alkaline resistance and other
excellent physical and chemical properties. Due to its excellent properties, graphene oxide
is widely used in membrane separation. Therefore, graphene oxide and its derivates, as a
nanofiller, may be preferred over other nanofillers owing to high aspect ratio, hydrophilicity,
tensile strength, thermal conductivity and electrical conductivity [9,14–16]. The superior
properties of graphene compared to polymers are also reflected in polymer/graphene
nanocomposites membranes [4,12,17]. It was reported that the performance of polymer
membrane was enhanced after GO was embedded [1,3,18–25]. Most polymer/GO hybrid
membranes are prepared via an electronic stirring [1,3,18–28]. However, GO sheets can
only be dispersed in aqueous media, which is incompatible with most organic polymers;
this kind of polymer/GO membranes face the problem of poor distribution of graphene
oxide into polymer [4,20,21,29]. The improvement in the properties of the nanocomposites
depends on the distributions of graphene oxide layers in the polymer matrix as well as
interfacial bonding between the graphene oxide layers and polymer matrix [4]. Therefore,
the good distribution of GO nanosheets in the polymer matrix is of great significance to
improve the performance of hybrid membranes.

Homogeniser is a commonly used mechanical method to reduce the particle in material
field [30–35]. For example, Long et al. [34] used a high-speed homogeniser to treat the
microcrystalline cellulose (MCC). Scanning electron microscope (SEM) results showed that
the particle size of the MCC was reduced from micrometre scale down to nanoscale. Sun-
Young et al. [32] prepared cellulose nanofibrils by employing a high-pressure homogenizer,
and SEM results showed that the complete fibrosis of the bulk cellulose fibrils to nanoscale
with high aspect ratio was accomplished by homogenization process. T. J. Nacken et al. [36]
used a high pressure homogeniser to produce graphene and few layers of graphene (FLG) in
a mixture of methyl pyrrolidone and water-surfactant. It was found that the high pressure
homogeniser could obtain a high enough concentration of FLG suspension with low defect
concentration. To the best of our knowledge, no previous study has been conducted to
prepare GO/PVDF hybrid membranes using a homogeniser to disperse GO nanosheets
with PVDF. Therefore, this study aims to fill this research gap.

This study aimed to fabricate a high performance PVDF/GO membrane with better
GO distribution via using a homogeniser. For comparison, PVDF/GO hybrid membranes
were fabricated by both conventional magnetic stirring method (PVDF/GO-s) and ho-
mogeniser dispersing method (PVDF/GO-h) and compared with PVDF membrane. XRD
and FTIR analysis were conducted to ensure GO nanosheets were successfully incorporated
into PVDF membranes. The WCA, water flux and rejection of hybrid membranes were
tested to study the effect of GO distribution on the performance of hybrid membranes.
The results of this study could shed light on the synthesis of nanomaterials incorporated
membranes, which have promising application in liquid separation.

2. Experimental Section

2.1. Materials

Natural graphite power, sodium nitrate (NaNO3), sulfuric acid (H2SO4), potassium
permanganate (KMnO4), hydrogen peroxide (H2O2) and hydrochloric acid (HCl; 32%)
were purchased from Sigma Aldrich (St. Louis, MI, USA). PVDF (FR-904) was obtained
from Shanghai 3 F new materials Co., Ltd. (Shanghai, China). The molecular weight
(Mw) of PVDF is approximately 1.02 × 106 g/mol, measured by GPC (waters, 515). N,N-
Dimethylacetamide (DMAc) and polyethylene glycol (PEG; with MW of 3,535,000 g/mol)
were purchased from Sigma Aldrich (St. Louis, MI, USA).
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2.2. Preparation of GO Nanosheets, PVDF, PVDF/GO-s and PVDF/GO-h Homogenised Membranes
2.2.1. Preparation of GO Nanosheets

Graphene oxide (GO) was prepared using the modified Hummers’ method from
graphite powder. The synthesis procedure was reported in our previous research [37].
Briefly, NaNO3 (1.25 g) and natural graphite (2.5 g) were first mixed in an ice water bath.
Then 60 mL of sulfuric acid was added. After 30 min, 7.5 g of KMnO4 was added into the
mixture. After that, the ice water bath was removed, and the mixture was further stirred
overnight at room temperature. Subsequently, 135 mL of deionised (DI) water and 25 mL
of H2O2 were added in sequence. A bright yellow mixture was obtained after the solution
cooled down. GO nanosheets were obtained after the mixture was washed several times.
The obtained GO nanosheets are consistent with the results of previous experiments [38].

2.2.2. Preparation of PVDF Membranes

PVDF membranes were synthesised via a phase inversion method following the these
steps: 3 g PVDF powder and 17 g of DMAc solution were added into a 25 mL glass vial.
Afterwards, the mixture was stirred for approximately 24 h (overnight) on a magnetic
stirrer in a 50 ◦C oil bath. When the casting solution was fully dissolved, the vial was
taken out from the oil bath and allowed to rest at room temperature for another 12 h to
remove the bubbles within the solution. Then, the PVDF casting solution was cast on a
clean and oven-dried glass plate by using a casting knife (Elcometer 3580) with a gap of
200 μm. The whole composite was then immediately immersed in a coagulation bath of
water and allowed to sit for 15 min to enable phase inversion to occur. Subsequently, the
support membrane was transferred into deionised (DI) water before further use.

2.2.3. Preparation of PVDF/GO-s and PVDF/GO-h Membranes

The synthetic procedure of PVDF/GO hybrid membrane was the same as that of
PVDF membrane, except that 0.03 g GO was added into 3 g PVDF powder and 17 g DMAc
solution to form 0.15 wt% GO casting solution. The GO-containing solution was stirred for
24 h on a magnetic stirrer in a 50 ◦C oil bath to completely disperse GO into the casting
solution and then was allowed to rest at room temperature for another 12 h. For PVDF/GO-
h membranes, after stirring for 24 h, the solution was homogenised by a homogeniser
(AD500S-H) for another 5 min at 2000 rpm to further disperse GO nanosheets. And then
the PVDF/GO-h solution was allowed to rest at room temperature for at least two days or
until all bubbles within the solution have disappeared. Finally, both solutions were casted
on glass plates to allow phase inversion to occur.

2.3. Characterization of PVDF and PVDF/GO Membranes

The functional groups and structure of PVDF and PVDF/GO membranes were
characterised by powder X-ray diffraction (PXRD; Rigaku Mini Flex, Cu Ka radiation,
Tokyo, Japan) and Fourier transform infrared spectrometer (FTIR spectrometer, PerkinElmer,
Waltham, MA, USA). The surface and cross section morphologies of membranes were ex-
amined by a field emission scanning electron microscopy (FESEM; Magellan 400, Nova
Nano SEM 450, FEI, New York, NY, USA). Membrane hydrophilicity was analysed via
contact angle measurements (OCA-15EC, Dataphysics, Stuttgart, Germany). The static
contact angle of different polymerised films was tested by the suspension drop method.
After drying the film to be tested, it was flatly pasted on the slide, and then placed on the
test table at room temperature. One microliter of deionised water was dropped onto the
membrane surface with a microinjector. The contact angle was measured after the water
drop stabilised. At least 10 contact angles at different places for each membrane were
averaged to obtain a reliable value.
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2.4. Membrane Performance Evaluation
Membrane Permeability and Salt Rejection

Membrane performance testing was conducted using a dead-end filtration (DEF)
system (effective area is 14.2 cm2). The detailed filtration process was as following: (1) The
membrane was first compacted at 2 bars for 3 h to achieve a steady flux; (2) the trans-
membrane pressure was reduced to 1 bar and the pure water flux was recorded every
1 min. At least 60 measurements were collected to obtain an average flux value; (3) The DI
water was replaced by a PEG feed solution, filtration cells were stirred at 400 rpm using a
stir to minimise concentration polarization and the trans-membrane pressure was returned
to 1 bar. After 1 h of filtration, a sample of the permeation solution was collected. For each
membrane performance evaluations, at least three samples were tested. A total organic
carbon (TOC) analyser was used to determine the concentration of PEG in the feed and
permeation solution; the analyser uses combustion catalytic oxidation method at 680 ◦C.
The rejection was calculated by the following Equation (1):

R = (1 − TOC f iltrate /TOC f eed)× 100% (1)

where TOCfiltrate is the TOC concentration of PEG in the filtrate and TOCfeed is the TOC
concentration in the PEG feed solution.

3. Results and Discussion

3.1. Characterisation of PVDF, PVDF/GO-s and PVDF/GO-h Membranes
3.1.1. FTIR

Figure 1 shows the FT-IR spectra of PVDF, PVDF/GO-s and PVDF/GO-h membranes
and GO. As can be seen in Figure 1, pristine PVDF membrane shows peaks at 1396 cm−1

and 1175 cm−1, attributing to C-H and C-F stretching and deformation [39], which are also
prominent in all other composite membranes. The prominent features of the GO spectrum
is the adsorption peaks at ~3340 cm−1 and ~1734 cm−1, which are corresponding to O-H
and C=O stretching vibrations, respectively [4]. Due to the nucleation effect of nano-filler in
the PVDF matrix [40], it can be noticed that the intensity of α phase (at 760 cm−1)decreases
when GO is embedded in the PVDF matrix, while the intensity of β phase (at 840 cm−1)
increases. This indicates that GO nanosheets contain sufficient carbonyl groups to nucleate
most of PVDF chains into β-phase.

Figure 1. FTIR spectra of PVDF, PVDF/GO-s and PVDF/GO-h membranes.
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Yu et al. calculated the absorption energy of α-and ß-polyform [41], and found that the
significant difference in the adsorption energy of α and β phase made the energy barrier
between trans-gauche-trans-gauche0 (TGTG0) and trans-trans (TT) structure increase, and it
became difficult to convert TGTG0 to TT structure in the process of polymer crystallization.
It can be seen from Figure 1 that compared with PVDF/GO-s, α phase of PVDF/GO-h
membrane after homogenisation process decreases or even disappears. This is because
the use of homogeniser can not only improve the dispersibility of GO in solution, but
also effectively reduce the adsorption energy difference between α phase and β phase,
overcome the energy barrier [42], help PVDF chain adsorption to the GO surface, promote
the interaction between the oxygen-containing groups on GO and the hydrogen atoms
on the PVDF chain. However, the peak value of β phase of PVDF-h was lower than
that of PVDF-s phase, which may be because the dispersibility of GO in solution was
improved by the use of homogeniser, and thus the concentration of solution was increased.
This will lead to GO as a filler particle agglomeration under high concentration, resulting
in reduced PVDF chain constraint and resulting in decreased β phase content [43]. L.
He et al. [44] changed the crystal distribution in PVDF by adding hyperbranched chain
copolymer (HBCs) modified multi-walled carbon nanotubes, and improved the β phase
and thermal stability of the membrane. We used a homogeniser to enhance the β phase of
the PVDF membrane. After homogenisation, the α phase of PVDF hybrid membrane was
almost completely transformed into β phase. Compared with the former, the conversion
rate of α phase to β phase of PVDF hybrid membrane was greatly improved by using the
homogeniser. Therefore, homogeniser can change PVDF α-phase to β-phase to a greater
extent. These results are in good agreement with previous studies using other carbon
materials as fillers in PVDF membranes [39,45,46].

The composite membranes show no absorption peak at ~3340 cm−1, which would be
indicative of O-H stretching of carboxylic acid. One possibility is that because of the strong
compatibility between the carbonyl group in GO and the fluorine in PVDF [47]. Another
explanation is that the casting solution concentration using 0.15 wt% GO is too low for the
functional groups to present at any significant level detected by FT-IR.

3.1.2. XRD

To compare the molecular structure of PVDF/GO-s membrane and PVDF/GO-h
membrane and confirm that GO components were successfully integrated into the PVDF
polymer matrix, X-ray diffraction was performed. Figure 2 shows the results of XRD analy-
sis of PVDF, PVDF/GO-s, and PVDF/GO-h membranes in the range of 15◦ to 40◦, in terms
of arbitrary scale of intensity. For pristine PVDF membrane, the characteristic peaks at
18.4◦, 19.9◦ and 26.5◦ can be observed, which are attributed to α-phase. Both PVDF/GO-s
and PVDF/GO-h membranes display a new diffraction peak at 20.6◦, which corresponds
to the β-phase. This is most likely due to the crystal transformation of PVDF [48]. The for-
mation of β-polymorph is attributed to the interaction between the CF2 segments in PVDF
polymer and the carbonyl groups (-C=O) present in GO nanosheets [39,49]. In addition, for
PVDF/GO-s membranes, the intensity of α-phase peak at 18.4◦ dropped and the α-phase
peaks at 26.5◦ disappeared, however, for the PVDF/GO-h membrane, both the α-phase
peaks at 18.4◦ and 26.5◦ disappeared. Thus, it can be concluded that the disappearance of
α-phase in PVDF/GO-h membrane indicate the enhanced crystal transformation of PVDF
membrane, which is caused by the better dispersion of GO by homogeniser.

3.2. Membrane Morphology
3.2.1. SEM Image of the Membrane

Figure 3 displays the surface and cross-section SEM images of the pristine PVDF,
PVDF/GO-s and PVDF/GO-h membranes. More SEM images obtained at the surface for
the different membranes are provided in Figure 3a–c featuring the increase in the number
of pores in the membrane through the addition of GO to the PVDF membrane structure.
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Figure 2. XRD spectra of PVDF, PVDF/GO-s and PVDF/GO-h membranes.

 

Figure 3. SEM images of top surface for (a) pure PVDF, (b) PVDF/GO-s, and (c) PVDF/GO-h
membranes and images (d–f) are SEM cross sections for the same membranes, respectively.

As visible from the images in Figure 3, PVDF membrane contains clusters of pores
which are large and apparent. The pore distribution is uneven and concentrated on certain
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areas of the membrane. The size of the pores is decreased with the addition of GO whilst
the number of pores significantly increased, especially in the case of the membranes which
were homogenised with GO. The reason for the GO embedded membranes showed an
increase in the number of pores on the surface may be that the presence of the rich oxygen-
containing functional groups which increases the rate of diffusion and thereby increases
pore formation. Homogenised solutions contained more GO elements which suggests
proper mixing has taken place between PVDF and GO compared to PVDF/GO prepared
using a magnetic stirrer. This could explain the greater number of pores on the surface of
the membrane for Figure 3c compared to Figure 3b.

As can be seen from cross-section SEM images in Figure 3d–f, the morphological
changes between the GO embedded membranes and the pristine PVDF membrane were
compared. All the membranes displayed a thin dense top-layer, along with a porous finger-
like sublayer [50]. The skin layer is brought about as a result of the polymer concentration
gradient that takes place when the membrane is immersed in the water bath immediately
after preparation. The outer surface solidifies creating a dense skin layer. The fingers-like
pores are created due to the phase inversion method. As this process occurs, demixing
takes place between the water and the solvent, which slows down eventually due to the
presence of the solid membrane. As a result of this time lag, caused by the delay, a dense
yet porous sponge layer forms towards the bottom of the membrane [50,51].

For the membranes with GO added, the sub layer was visibly different. The finger-
like pores in the PVDF/GO membranes were much wider than that of the pure PVDF
membrane. The longer pore channels result from an increased rate of diffusion brought
about by the hydrophilicity of GO. Rapid solidification from this diffusion creates wider
pore channels [45]. The images further show the formation of a sponge-like cross-section for
the PVDF membrane. This was not the case for the PVDF/GO membranes as the addition
of GO into the structure of the membrane mostly prevented and strongly controlled the
formation of this type of cross-section. The addition of GO also creates a floppy inner cross
section because of the increased mass transformation that occurs between the solvent and
the non-solvent during the process of phase inversion.

Compared to the cross-section of the PVDF/GO-s membranes, the finger-like structure
channels in PVDF/GO-h membranes become thinner and shorter, also the pores in the
sponge-like structure become smaller; however, the number of the finger-like structure
channels and pores in the sponge-like structure increases. One reason may be that in
the homogenisation process, the casting solution experienced extremely strong shear and
thrust forces [34], the turbulence occurred in the shear gap between the rotor and stator also
provided strong mixing power to the suspension, which improved the phase inversion. M.
Hmamm et al. [52] found that when the crystallinity of polymer increased, the free volume
would decrease correspondingly. Another possibility is that the synergistic effect of GO
and PVDF is enhanced during the homogenization process, which eliminates the unique
GO peak, improves the crystallinity of the PVDF hybrid film and decreases the free volume
size of the hybrid film.

3.2.2. Surface Hydrophilicity

The hydrophilicity of PVDF, PVDF/GO-s and PVDF/GO-h membranes were char-
acterised by the water contact angle. As can be seen in Figure 4, for GO embedded
membranes, the water contact angle is reduced compared with pure PVDF membranes,
indicating the improved hydrophilicity after GO incorporation. This could be because
hydrophilic GO migrates spontaneously to the membrane/water interface to reduce the
interface energy during the phase inversion process [21,50,53]. This also can be verified
by the different colour between the surface and bottom, the colour of the surface is darker
than the bottom. Previous research also found the same phenomenon [21,24]. The contact
angle of the PVDF/GO-h membrane is slightly lower than that of PVDF/GO-s membrane,
suggesting the surface of the PVDF/GO-h membrane is more hydrophilic than PVDF/GO-s
membrane. The reason may be that the surface of PVDF/GO-h membrane becomes smooth,
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which is due to the large peaks and valleys on the surface are replaced by many smaller
ones. It is also possible that GO is well dispersed in the polymer matrix after the action of
the homogeniser, and the abundant oxygen-containing groups on the surface of GO can
be evenly distributed on the membrane surface, thus effectively improving the surface
hydrophilicity of the PVDF hybrid membrane and making the surface of the PVDF/GO-h
membrane more hydrophilic than that of the PVDF/GO-s membrane.

Figure 4. Water contact angles of PVDF, PVDF/GO-s and PVDF/GO-h membranes.

3.3. Membrane Evaluation
3.3.1. Membrane Flux

The permeability of the PVDF, PVDF/GO and PVDF/GO-h membranes were evalu-
ated by measuring water flux. Figure 5 shows the water flux of these membranes. Both
PVDF/GO-s membranes and PVDF/GO-h membranes exhibit higher water flux compared
with the pure PVDF membrane. One reason could be due to the enhanced surface hy-
drophilicity after GO incorporation, as shown in the contact angle test (Figure 4). Another
reason could be the enhanced phase inversion of solvent and non-solvent due to the pres-
ence of hydrophilic GO [20,24]. As shown in Figure 4, the ‘finger-like’ structure pores of
PVDF/GO-s and PVDF/GO-h membranes become wider and longer.

Figure 5. Water fluxes of the prepared PVDF, PVDF/GO-s and PVDF/GO-h membranes (200 MPa).
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Comparing PVDF/GO-s and PVDF/GO-h membranes, it is found that PVDF/GO-h
membrane has a slightly higher flux. As shown by SEM results (Figure 3), compared
with the internal structure of PVDF/GO-h membrane, the free volume of PVDF/GO-
h membrane decreased, while the number of free volumes increased correspondingly.
H.F.M. Mohamed et al. [54] studied the relationship between the free volume in Nafion
films and the permeability of O2 and H2 and found that the larger the free volume, the
better the gas permeability. This is consistent with the conclusion of another study by
H.F. Mohamed et al. [55]. The decrease in free volume in the PVDF/GO-h membrane
reduces the aqueous permeability of the PVDF/GO-h membrane, while the higher porosity
increases the aqueous permeability, which makes the PVDF/GO-h membrane flux slightly
higher than that of the PVDF/GO-s membrane.

3.3.2. Membrane Rejection

To evaluate the effect of homogeniser on the membrane performance, the PEG (35 K)
rejection of the hybrid membrane was measured. From Figure 6, it can be seen that the PEG
rejections of pristine PVDF, PVDF/GO-s and PVDF/GO-h membranes are 26.99%, 25.02%
and 52.81%, respectively. There are no significant difference of the rejection between PVDF
and PVDF/GO-s membranes, it is similar as our previous research [37]. However, after
using homogeniser, the PEG rejection is increased significantly from 26.99% to 52.81%. This
is caused by the change of membrane morphology using the homogeniser. GO can be used
as a pore-making agent to improve the number of pores in the PVDF membrane. According
to the sieving principle of pore size, larger pores, such as PVDF/GO-S membrane, allow
PEG molecules to pass through the membrane more easily than membranes with smaller
pores on the surface (such as PVDF/GO-H membrane). After the PVDF/GO solution
is homogenised by the homogeniser, the dispersibility of GO in the mixed solution is
greatly improved, and the porosity of PVDF will be improved. Second, after the solution is
homogenised, the oxygen-containing groups on GO surface will also be fully embedded
into the PVDF membrane, the water molecules around PEG will be replaced by the hydroxyl
groups on the GO surface to form a hydration layer, making the diameter of PEG larger
than the diameter of the channel gap, thus improving the retention rate of PEG. It is not
difficult to explain that PVDF/GO-h membrane has better interception effect on PEG than
PVDF/GO-s membrane.

Figure 6. Water rejections of the prepared PVDF, PVDF/GO-s and PVDF/GO-h membranes (PEG 35 K).
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4. Conclusions

In this study, PVDF/GO-h composite membranes were synthesised using a ho-
mogeniser (AD500S-H), and results from dead-end filtration (DEF) showed that these
membranes exhibited higher water flux and rejection of target pollutants compared to
control samples of PVDF/GO-s prepared solely from mixing with a magnetic stirrer. This
suggests that using a homogeniser disperser to mix GO into a PVDF membrane yields
significantly better characteristics and should therefore be utilised as a future method for
membrane preparation. Whilst these qualities are attractive in a mem-brane for use in
ultrafiltration methods, results of the water contact angle test indicate that the composite
membranes exhibited increased hydrophobicity as opposed to the control membranes.
This implies that there is still potential for improvement of the experiment where addi-
tional parameters should be tested for or if other additives should be incorporated in the
methodology to increase membrane performance.
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Abstract: Membrane contactor is a promising technology for ammonia recovery from the anaerobic
digestion centrate. However, high suspended solids and dissolved organic matter concentrations can
reduce the effectiveness of the technology. In this study, coagulation–flocculation (C/F) and aeration
pre-treatments were evaluated to reduce chemical oxygen demand (COD), turbidity, suspended
solids and alkalinity before the ammonia recovery stage using a membrane contactor. The mass
transfer coefficient (Km) and total ammonia (TAN) recovery efficiency of the membrane contactor
increased from 7.80 × 10−7 to 1.04 × 10−5 m/s and from 8 to 67%, respectively, after pre-treating
the real sidestream centrate. The pre-treatment results showed that dosing aluminium sulphate
(Al2(SO4)3) at 30 mg Al/L was the best strategy for the C/F process, providing COD, turbidity and
TSS removal efficiencies of 50 ± 5, 95 ± 3 and 90 ± 4%, respectively. The aeration step reduced
51 ± 6% the HCO3

− content and allowed reducing alkaline consumption by increasing the pH before
the membrane contactor. The techno-economic evaluation showed that the combination of C/F,
aeration and membrane contactor can be economically feasible for ammonia recovery. Overall, the
results of this study demonstrate that C/F and aeration are simple and effective techniques to improve
membrane contactor performance for nitrogen recovery from the anaerobic digestion centrate.

Keywords: gas permeable membrane; coagulation–flocculation; resource recovery; circular economy;
techno-economic evaluation

1. Introduction

Nutrient pollution is one of the major environmental problems due to excessive
discharge of nitrogen and phosphorus into the environment. Anthropogenic activities
and population growth have increased the amount of nitrogen contained in wastewater.
The recovery of this nitrogen is particularly important considering that ammonia is the
second most produced chemical in the world [1–3]. Ammoniacal nitrogen recovery has the
potential (i) to reduce the dependency of the Haber–Bosch process to obtain nitrogen-based
fertilizers, (ii) to produce a fertilizer (e.g., NH4NO3, (NH4)2HPO4, (NH4)2SO4) suitable for
commercialization and (iii) to reintroduce nitrogen into its cycle contributing to the circular
economy [4,5]. For this reason, it is important to develop efficient technologies for nitrogen
recovery to support the transition of wastewater treatment plants (WWTPs) towards water
resource recovery facilities (WRRF) [6].

Several technologies have been proposed to recover nitrogen from wastewater treat-
ment plants (WWTPs), such as ion exchange (IX) technologies [7], membrane contactors
(MC) [8–10] or ultrafiltration (UF) [11]. For instance, Wan et al. [12] effectively recovered
nutrients from the sludge fermentation liquor in a WWTP (N-NH4

+ and P-PO4
3-) using
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natural zeolites and proposed a model to predict that a maximum recovery of 94% ammo-
nium and 98% phosphate could be achieved. Among them, ammoniacal nitrogen recovery
through membrane contactors has been reported as a suitable technology to achieve high
nitrogen recovery efficiencies with relatively low energy inputs [5]. By this technology,
ammonia in gas form diffuses through a porous hydrophobic membrane from the feed
solution to the acidic stripping solution. Subsequently, it can be recovered in ammonium
form as a nitrogen-rich fertilizer. [13]. Vecino et al. [14] used a membrane contactor for
ammonium recovery as a nutrient-based fertilizer product and achieved a maximum am-
monium recovery of 94% using a regenerated stream with ion exchange from an initial
sidestream wastewater. Sheikh et al. [15] also achieved similar values (>95%) of recovery
using synthetic water and liquid–liquid hollow fibre MC (LL-HFMC). Additionally, both
membrane contactors and ion exchange technologies can be combined as proposed by
Sancho et al. [16]. In that study, a concentrated ammonium stream was generated by means
of liquid–liquid membrane contactors, by previously passing it through zeolites, achieving
a recovery of 95% [16]. Thus, these publications highlight that membrane contactors have
potential to achieve high recovery efficiencies and to obtain ammonium-free streams.

However, membrane contactors still need to overcome some challenges when using
streams with high concentration of organic matter. Membrane fouling, caused by organic
matter and/or suspended solids, can lead to the deposition of solids as a thin cake layer
and increase pore clogging [17]. This phenomenon generates a reduction in the flux during
long-term operation. Thus, to maintain adequate flux levels, it is necessary to increase
energy and chemical consumption with a direct impact on the membrane lifetime and
economic feasibility [18]. In this regard, some pre-treatment strategies have been proposed
to reduce fouling of membrane contactors, such as UF [19], coagulation–flocculation (C/F)
processes [17] or ion exchange [20]. For example, Rivadeneyra et al. [20] used ion exchange
technology and observed a maximum chemical oxygen demand (COD) removal efficiency
of 70% with an initial COD load of 4500 mg O2/L. Raghu et al. [21] combined ion exchange
with coagulation–flocculation and achieved a COD removal of 80% from an industrial
wastewater effluent.

C/F consists of destabilization of colloids by surface modification. This reduces the
electrostatic repulsive forces between the particles and leads to the formation of larger flocs
with improved settling properties [22]. The most common coagulants and flocculants used
are iron and aluminium salts because these chemicals have demonstrated their effectiveness
to reduce the chemical oxygen demand (COD) of liquid streams [23,24]. C/F has been
widely applied in wastewater treatment applications as it allows removing organic and
inorganic matter with relatively low costs [19,25]. For instance, Al-Juboori et al. [26]
evaluated the use of PAX/polymer or starch as a coagulant to pre-treat the centrate before
a membrane contactor.

Besides C/F, aeration could also be a useful pre-treatment to reduce the amount of
chemicals needed to increase the pH before the membrane contactor stage. Garcia-Gonzalez
et al. [27] applied low flow-rate aeration and increased the pH above 8.5 before the mem-
brane contactor, which allowed reducing the operating costs of ammonia recovery by 57%.
However, to the best of the authors’ knowledge, the combination of C/F technology with
aeration has not yet been used to pre-treat anaerobic digester centrate prior to a membrane
contactor. Therefore, an experimental and economic study is needed to understand how
C/F pre-treatment impacts the technical and economic competitiveness of implementing a
membrane contactor system for nitrogen recovery.

The aim of this work is to evaluate the combination of C/F, aeration and membrane
contactor processes to recover ammoniacal nitrogen from the effluent of an anaerobic
digester (centrate). To this end, different operating conditions and chemical reagents were
evaluated for the C/F process. After the C/F process, an aeration stage was used to reduce
the amount of bicarbonates in the centrate with a direct impact on the amount of chemicals
needed for pH adjustment. Subsequently, the pre-treated centrate was fed to a membrane
contactor system to understand how pre-treatment conditions impacted the performance
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of the membrane contactor and ammonium recovery efficiency. Finally, the economic
potential of implementing these pre-treatment technologies before the membrane contactor
was analyzed.

2. Materials and Methods

2.1. Chemical Reagent and Wastewater Source

Three types of coagulants were used for the coagulation–flocculation tests: (i) alu-
minium sulphate (Al2(SO4)3 18·H2O) from Panreac® with a 96% of purity, (ii) iron chloride
(FeCl3) from Acros Organics® with a 98% of purity and (iii) a commercial coagulant HT20
from Derypol®. On the other hand, a mixture of Magnetite (Fe3O4) from Aldrich® with a
98% purity and silicon oxide (SiO2) from Merck® with a purity of 98% (relation of 30:70%)
was used as flocculant.

Different reagents were used for the chromatographic analysis: Methanesulfonic
acid (CH3SO3H, 99%), sodium hydrogen carbonate (NaHCO3, 99%), anhydrous sodium
carbonate (Na2CO3, 99%), nitric acid (HNO3 69%) and sodium hydroxide (NaOH 1 M). All
these chemicals were analytical grade reagents and were supplied by Sigma-Aldrich.

The wastewater used in this study was the anaerobic digester centrate from a municipal
WWTP located in the region of Barcelona (Spain). The centrate was decanted before the
tests for 24 h to reduce its concentration of COD, total suspended solids (TSS) and turbidity.
The centrate used for the C/F tests contained COD and total ammonia nitrogen (TAN)
concentrations of 786 mg COD/L and 650 mg N/L, respectively, which were within the
range reported in the literature [28,29]. It is worth mentioning that the water used for
the flocculant tests came from the same location and had a similar ion concentration to
that used in the other tests, although it contained a higher COD concentration (1650 mg
COD/L).

2.2. Experimental Design

The study was divided into 2 distinct stages (Figure 1). The first stage corresponded
to the pre-treatment stage, selection of the optimum coagulant reagent and setting the
optimum operating conditions with a specialized experimental design program. The spe-
cialized software allowed optimization of the mixing speed, mixing time and sedimentation
time to maximize COD, TSS and turbidity removal efficiencies. Besides C/F, an aeration
column for the removal of carbonate and the consequent increase in the pH was also
considered. In the second stage, the performance of the membrane contactor (pH, concen-
tration factor, ammonium recovery percentage) was tested with the untreated sidestream
water and with the pre-treated water to evaluate the effectiveness of the pre-treatment on
membrane contactor performance. Finally, an economic analysis was conducted to evaluate
the feasibility of the application of this process train.

Figure 1. General scheme of the different anaerobic sidestream treatment stages used in the present
study.
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2.3. Experimental Set-Up
2.3.1. Coagulant Selection

The selection of the best coagulant reagent and dosage was based on combining
literature screening and lab-scale tests. Initial bibliographic research was carried out
to determine the most common coagulants (Table 1) and it was observed that the most
widely used coagulants were based on metals, such as aluminium or iron. After this
initial screening, aluminium sulphate (Al2(SO4)3), iron chloride (FeCl3) and a commercial
coagulant Derypol® HT20 (which is in the category of vegetable coagulants) were chosen.

Table 1. Most frequently used coagulants in water treatment according to bibliography.

N.º Coagulant Used Author

1 Tanfloc POP [30]
2 Al2(SO4)3 [31]
3 FeCl3 [32]
4 FeCl3 + Clay Minerals [33]
5 Lactic Acid [34]
6 AlCl3 [34]

The lab-scale tests were conducted in a Jar-test set-up (Jar-test OVAN® JT60 E), which
consists of (i) six rotating stirring rods with adjustable speed and height and (ii) six beakers
filled with 500 mL of the centrate under study. Two set of experiments were conducted to
determine the best coagulant and the dosage strategy for the C/F process.

The first set of experiments was designed to determine the two most favourable
coagulants. In these tests, the type of coagulant was changed, while keeping the operating
conditions constant. The dosage was set at 50 mg/L and the mixing time was 5 min at
a mixing speed of 200 rpm (see Table S1 of the Supplementary Information), which was
based on available literature [31,34–36]. The experiments were conducted in triplicate. The
second set of experiments was designed (i) to determine the optimum dosage for the two
flocculants selected in the previous experiments and (ii) to obtain the most favourable
coagulant at this optimum dosage. All the coagulant dosages referred to the quantity of
metal added.

The impact of dosage on the efficiency of the C/F process was evaluated for the
best coagulant. To this end, the dosage was varied from 10 to 800 mg/L with the Jar-test
conditions mentioned above. Table 2 lists the experimental conditions for these tests. The
experiments were conducted in triplicate.

Table 2. Experimental conditions for optimal dosage determination.

Coagulant Dosage (mg/L)
Mixing Time

(min)
Mixing Speed

(rpm)
Settling Time

(min)

Optimal
coagulant

10

5 200 30

30
50

100
200
400
800

2.3.2. Determination of the Optimal Operational Conditions for the C/F Process

Once the optimum coagulant chemical and dosage were selected, the most favourable
operational parameters (i.e., mixing time, mixing speed and settling time) were determined
by using the Jar-test equipment. For this purpose, a design program was used to optimize
the number of tests required and to determine the best operational conditions for the
C/F process.
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The Design Expert® 11 software was used following the factorial design of Box–
Behnken, which is based on dependent and independent variables [37]. The dependent
variables were those investigated and measured in the study, whereas the independent
variables were modified to study their effect on the dependent variables [38]. Table 3 sum-
marizes the dependent variables studied in this work. The coded variables were assigned
values of +1 (maximum), 0 (central) and −1 (minimum) depending on the variation of
each variable.

Table 3. Individual dependent variables and their range of values.

Variable Units Studied Range

Mixing time (MT) min 5; 15; 25
Mixing velocity (MV) Rpm 100; 175; 250

Resting time (RT) min 15; 30; 45

The Box–Behnken design is a rotating or quasi-rotating second-order experimental
design based on incomplete three-level factorial designs. The number of experiments (N)
needed according to the Box–Behnken design can be obtained from Equation (1).

N = 2 · k(k − 1)+C0 (1)

where k is the number of variables, and C0 is the number of central points [8,39]. In this
case, three variables (MT, MV and RT) and five central points were studied resulting in
seventeen experiments. The Box–Behnken experimental designs were applied by means of
Equations (3) and (4) [8].

y = β0

k

∑
i=1

βiXi

k

∑
i=1

k

∑
j≥1

βijXiXj+ε (2)

y = β0

k

∑
i=1

βiXi+β0

k

∑
i=1

βiiX
2
i +

k

∑
i=1

k

∑
j≥1

βijXiXj+ε (3)

where βo is the constant factor, βi represents the coefficients of the linear parameters, k is the
number of variables, Xi and Xj represent the independent variables, ε is the residual factor
associated with the experiments, y is the dependent variable, βij represents the coefficients
of the interaction parameters and βii represents coefficients of the quadratic values.

Finally, the software allows for analysis of the obtained results to provide the optimal
conditions (e.g., removal of each of COD, TSS and turbidity) through the analysis of
graphics and data.

2.3.3. Coagulation Test for the Optimal Coagulant Conditions and Dosage

The optimal coagulant and dosage obtained from stage 1 and 2 were tested to de-
termine the experimental COD, TSS and turbidity removal efficiencies under the most
favourable conditions. In this assay, the optimal conditions determined by the two previous
tests were applied in the Jar-test equipment and it was verified if the theoretical results pro-
vided by the experimental design software were experimentally fulfilled. The experiments
were conducted in triplicate.

2.3.4. Flocculation Test

Flocculation tests were conducted to evaluate if combining coagulant and flocculant
addition improves solids removal efficiency when compared with stand-alone coagulant
addition. The flocculation experiments were carried out with the optimal conditions
obtained from the previous experiments and adding different dosages (0–50 mg/L) of a clay-
based flocculant (Fe3O4(s) and SiO2(s)) that works effectively with metal-based coagulants
for COD reduction [33]. The flocculant was prepared by pulverizing and mixing Fe3O4
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and SiO2 with a relation of 30% Fe3O4 and 70% of SiO2. Table S2 of the Supplementary
Information shows the operational parameters used for the flocculation tests.

2.3.5. Aeration Tests

The possibility of adding an aeration stage [27,40,41] was evaluated: (i) to increase the
pH of the centrate and (ii) to reduce the concentration of carbonates present in the sample.
The aeration tests were carried out in an open aeration column of 3.5 m height and 30 cm
diameter with a capacity of 25 L. The air was introduced at the bottom of the tank through
an electric compressor at a flow rate of 2 Nm3/h. The column was filled with the centrate
and a constant air flow rate (364 L/h) was applied for a period of time adequate to cause
reactions described by Equations (4)–(6).

HCO−
3(aq)+H+

(aq) ↔ CO2(aq)+H2O(l) (4)

CO2(aq) ↔ CO2(g) (5)

NH+
4(aq) ↔ NH3(g) +H+

(g) (6)

Thus, these experiments allowed bicarbonate conversion to CO2(g) (aq) /Equation (4)
due to the aeration process promoting the removal of dissolved CO2(g) (aq) as CO2(g)
(Equation (5)) and consequently increasing the pH. Subsequently, the pH increased allowed
the conversion of NH4

+ into ammonia. (Equation (6)). The aeration experiments were
performed in duplicate.

2.3.6. Flat-Sheet Membrane Contactor

The different pre-treatment processes were aimed at conditioning the centrate to reduce
fouling and clogging in the membrane contactor. A flat-sheet membrane contactor similar
to the one used by Hasanoĝlu et al. [10] was used in this study. The polytetrafluoroethylene
(PTFE) membrane had a surface area of 90 cm2 and a pore size of 0.2 μm. The pH of the feed
solution was increased up to 10.2 with NaOH 1 M, to displace the equilibrium towards NH3.
The feed solution was stored in a 5 L tank, whereas the acid stripping solution (0.4 M nitric
acid) was stored in a 1.5 L tank. Both tanks were continuously agitated, while nitric acid
was continuously added to maintain the pH of the stripping solution in the acidic regime
(pH < 2). The feed and stripping solutions were circulated at 450 mL/min in counter current
mode towards both sides of the membrane. Further details of the membrane contactor
set-up can be found elsewhere [9].

The ammonia flux through the membrane is driven by the difference between the
partial pressure on both sides of the membrane, (pNH3,f

− pNH3,s) and the mass transfer

coefficient
(

Km(NH3)

)
(Equation (7)).

JNH3
=

Km(NH3)(p NH3,f
− pNH3,s

)
RT

(7)

where pNH3,s is the partial pressure of ammonia in the shell side (atm), pNH3,f
is the partial

pressure in the feed side (atm),Km(NH3)
is the ammonia mass transfer coefficient (m/s), R is

the universal gas constant coefficient (0.082 atm·m3/k mol·K) and T is the temperature of
the system (K).

Subsequently, Equation (7) can be expressed as Equation (8) considering that: (i) the
partial pressure of ammonia on both sides of the membrane can be assumed as the con-
centration of ammonia on either side, (ii) the pH does not vary during the experimental
procedure, meaning that the concentration of ammonia is proportional to the TAN concen-
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tration in the feed solution and (iii) the ammonia partial pressure in the stripping side is
negligible [8,14].

ln
C0(NH3)f

Ct(NH3)f
=

Km(NH3)
Am

Vf
t (8)

where Am is the membrane area (m2), C0(NH3)f and Ct(NH3)f are the feed ammonia concen-
tration (mg/L) at the initial time and at the experimental time, respectively, and Vf is the
feed volume (m3).

The tests were conducted for both untreated and pre-treated centrate to evaluate and
compare the membrane contactor performance before and after pre-treatment implementation.

2.4. Analytical Methods

The anions and cations were analyzed by an ion chromatography system (Dionex
ICS-1000 and ICS-1100 Thermo-Fisher Scientific, USA) equipped with a cationic detector
(ICS-1000) and an anionic detector (ICS-1100) and controlled by Chromeleon® chromato-
graphic software. A CS16 column (4 × 250 mm) and an AS23 column (4 × 250 mm)
(Phenomenex, Barcelona, Spain) were used for cation and anion determination and quan-
tification, respectively. The mobile phase was a 0.03 mol/L CH3SO3H solution for the
cation system, and a mixture of 0.8 mmol/L NaHCO3 and 4.5 mmol/L Na2CO3 for the
anion system.

The COD was analyzed through the Standard Method 5220C using a multiparamet-
ric photometer HI83224 (Hanna Instruments, Padua, Italy), whereas TSS were analyzed
through the Standard Method 2540D [42]. A turbidimeter HI 93703 (Hanna instruments,
Padua, Italy) was used to measure the turbidity. Total alkalinity was measured by titration
following the Standard Method 2320B and using a T70 titrator (Mettler Toledo, Columbus,
OH, United States).

2.5. Economic Analysis

An economic analysis was conducted to evaluate the techno-economic implications
of implementing a membrane contactor system for ammonia recovery from the anaerobic
digester centrate. Figure S1 of the Supplementary Information shows the configuration
evaluated in the economic analysis, which included four different stages: (i) C/F with
Al2(SO4)3 to enhance solids sedimentation, (ii) precipitation for suspended solids removal,
(iii) aeration to desorb part of the solubilized CO2 and reduce the alkalinity and (iv)
membrane contactor system for nitrogen recovery. The membrane contactor system was
operated by using an HNO3 trapping solution and considering a relation between the feed
and trapping solution flow rate of 1:1. The pH of the feed solution was adjusted to 10.2
with NaOH to displace the NH4

+/NH3 equilibrium towards NH3. The trapping solution
was continuously recirculated from the acid tank to the membrane contactor and replaced
when the pH increased by up to 6 [28]. The mass balance was obtained considering that
the WWTP generated 150 m3/day of centrate, containing TAN and TSS concentrations of
0.71 g N/L and 0.24 g TSS/L, respectively. Detailed information on the mass balance can
be found in Table S3 of the Supplementary Information.

The capital costs, operating costs and revenues were calculated using both lab-scale
data and literature average values. The capital costs accounted for membrane contactor,
tanks, stirrers, blowers and pumps, whereas the operating costs accounted for energy
consumption, sludge disposal, equipment replacement and the purchase of chemicals
(i.e., Al2(SO4)3, NaOH and HNO3). Finally, the revenues were obtained considering (i)
the commercialization of the produced NH4NO3 and (ii) the lower nitrogen load to be
treated in the mainstream of the WWTP. Tables S4 and S5 of the Supplementary Information
summarize the main design and cost parameters used for the economic analysis.
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The present value (PV) of the gross cost and revenues was calculated for the nitro-
gen recovery configuration by using Equations (9) and (10), respectively. Subsequently,
Equation (11) was used to calculate the net present value (NPV):

PVGC= CAPEX+
T

∑
t=1

OPEXt

(1 + i)t (9)

PVR =
T

∑
t=1

Rt

(1 + i)t (10)

NPV =
T

∑
t=1

Rt − OPEXt

(1 + i)t − CAPEX (11)

where CAPEX is the capital expenditure (EUR), OPEXt is the operating expenditure at year
t (EUR), Rt is the revenue at year t (EUR), PVGC is the PV of the gross cost (EUR), PVR is
the PV of the revenues (EUR), NPV is the net present value (EUR), i is the discount rate
(5%) and T is the plant lifetime (20 years).

3. Results and Discussion

The following sections discuss the results concerning the application of C/F and
aeration pre-treatments before a membrane contactor. Table 4 shows the COD, TSS, turbidity
and ion concentrations of the centrate wastewater used for these tests.

Table 4. Initial centrate characterization.

Parameter Value Unity

Sodium 474.4 ± 18.4 mg/L
TAN 650 ± 64.5 mg/L

Potassium 146.6 ± 7.6 mg/L
Magnesium 33.6 ± 13.4 mg/L

Calcium 90.5 ± 26.8 mg/L
Chlorine 348.0 ± 15.4 mg/L
Nitrate 30.7 ± 8.8 mg/L

Phosphate 138.1 ± 30.2 mg/L
Sulphate 37.5 ± 10.8 mg/L

Carbonates 3366.7 ± 792.5 mg/L
Turbidity 275.1 ± 106.2 NTU

COD 786.0 ± 126.7 mg O2/L
TSS 235.0 ± 104.7 mg/L
pH 8.2 ± 0.1 –

3.1. Coagulant and Dosage Selection for the C/F Process

Table 5 collects the COD and turbidity removal efficiencies for the three coagulants
(FeCl3, Al2(SO4)3 and Derypol® HT20) analyzed in this study. Al2(SO4)3 reported the best
COD removal efficiencies (50.2 ± 1.1%), followed by FeCl3 (38.9 ± 0.3%) and Derypol HT20
(36.0 ± 0.3%). Thus, Al2(SO4)3 and FeCl3 were selected for the next set of experiments.
The turbidity removal efficiencies ranged from 74.2 to 84.7%. The lowest turbidity values
were obtained by using FeCl3 (74.2 mg/L) and they were similar to those achieved by
Abdessemed et al. [43], which achieved turbidity removal values of 66.1% using FeCl3.
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Table 5. Results obtained on COD removal (%) and turbidity reduction for the coagulation assay
coagulant test.

Coagulant COD Removal (%) Turbidity Reduction (%)

Al2(SO4)3 50.2 ± 1.1 82.3 ± 1.1
Derypol HT20 36.0 ± 0.3 84.7 ± 0.4

FeCl3 38.9 ± 0.3 74.2 ± 1.7

Table 6 lists the COD and turbidity removal efficiencies of Al2(SO4)3 and FeCl3 for
concentrations ranging from 10–800 mg/L. The results showed that Al2(SO4)3 provided
better COD removal performance in comparison to FeCl3, which reinforces the idea that
Al2(SO4)3 is the most favourable coagulant–flocculant to be used as a membrane contactor
pre-treatment. On the one hand, the COD removal efficiency increased from 42.5 to 51.8%
as the FeCl3 concentration increased from 10 to 800 mg/L, respectively. On the other hand,
the COD removal efficiency increased from 51.5 to 62.1% as the Al2(SO4)3 concentration
increased from 10 to 200 mg/L, respectively. However, in the case of Al2(SO4)3, dosages
above 200 mg/L only led to minimal improvements in the COD removal efficiency. This
behaviour is due to the fact that applying coagulant dosages above the optimal level does
not lead to considerable improvements [44].

Table 6. Results of water quality improvement for the coagulation experiments (COD removal (%),
turbidity reduction (%)) as a function of coagulant type and coagulant dose.

Dosage Al2(SO4)3 FeCl3

(mg/L)
COD

Removal
Turbidity

Reduction
pH COD

Turbidity
Reduction

pH

10 51.5 ± 1.2 80.4 ± 2.8 8.0 42.5 ± 0.7 60.3 ± 1.2 8.0
30 56.2 ± 1.0 85.5 ± 4.4 7.7 48.0 ± 0.9 71.2 ± 1.2 7.9
50 50.1 ± 1.7 82.3 ± 3.5 7.4 38.9 ± 1.6 74.2 ± 2.4 7.7
100 41.1 ± 0.9 76.7 ± 1.2 7.1 41.5 ± 1.9 80.6 ± 3.4 7.4
200 62.1 ± 1.2 86.6 ± 4.0 6.9 45.1 ± 2.1 87.9 ± 3.3 7.1
400 66.7 ± 2.5 82.2 ± 1.7 6.1 50.0 ± 1.9 90.4 ± 4.1 6.7
600 64.7 ± 2.1 55.5 ± 2.4 4.3 52.5 ± 1.8 95.7 ± 3.4 6.4
800 66.9 ± 1.0 27.3 ± 3.3 4.1 51.8 ± 1.7 97.0 ±3.0 5.8

The results also showed that the pH progressively decreased as the coagulant dosage
increased. In the case ofAl2(SO4)3, when the metal ion (Al+3) hydrolyzes in water, it reacts
to form complex (Al(OH)n

+(n−3)) compounds. This leads to the formation of CO2(g), which
increases the acidity of the solution [23]. From the results of Table 6, it can be concluded that
dosing 30 mg/L of Al (Al2(SO4)3) can be considered as the optimum strategy because this
dosage achieved similar COD removal efficiencies than those achieved above 200 mg/L,
while reducing the coagulant dosage more than seven times.

3.2. Optimization of the Operating Conditions for the C/F Process

After selecting the optimum coagulant and dosage (Al2(SO4)3, 30 mg Al/L), the
impact of the operational conditions (i.e., mixing time, mixing speed and settling time)
on the C/F efficiency was evaluated. Seventeen experiments were tested based on the
outputs provided by the Design Expert 11 software (see Table S6 for further details on
the experimental conditions tested). These experiments were conducted changing the
mixing time, the mixing speed and the settling time. Figure 2 shows the theoretical TSS,
turbidity and COD removal values obtained from the Design Expert 11 software for the
different mixing time and mixing speed conditions at a fixed settling time of 30 min. It
is worth mentioning that only the results of 30 min settling time are illustrated because
this condition provided the best results when compared with the other settling times. The
results highlighted that reducing the mixing time to 5 min and the mixing speed to 100 rpm,
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would theoretically increase removal values up to 100% in turbidity and suspended solids
and up to 70% in COD. Accordingly, the software revealed that there was better removal
when mixing time and speed were reduced to the minimum tested values. This behaviour
was in agreement with Kan et al. [45], who reported that higher mixing speed did not give
a better coagulation performance.

Figure 2. Theoretical TSS, turbidity and COD removal values for different mixing times and mixing
speeds, at a fixed settling time of 30 min (graphics obtained from the Design Expert 11 software).

Subsequently, coagulation tests were carried out with the optimum conditions ob-
tained from the software. Table 7 illustrates the results of these tests in terms of TSS,
turbidity and COD removal values.

Table 7. Experimental removal using optimal conditions extracted from Design Expert 11. The errors
represent standard deviation (n = 3).

Variables Studied Conditions Parameters
Experimental
Removal (%)

Mixing time 5 min COD 58.1 ± 0.3
Mixing velocity 100 rpm TSS 94.9 ± 0.2

Settling time 30 min Turbidity 89.8 ± 0.8

The removal values showed an improvement compared with the previous test (58.1 ± 0.3
COD, 94.9 ± 0.2 TSS and 89.8 ± 0.8 turbidity), although the values predicted by the design
software were not achieved. Guimarães et al. [46] tested several coagulants (including alu-
minium sulphate at 40 mg/L Al) and reached COD removal efficiencies (38%) below those
achieved in this study (58%). On the other hand, Salem et al. [47] reported turbidity removal
efficiencies of 86%, which were similar than those achieved in this study (90%).

3.3. Flocculation Stage

Figure 3 shows the obtained values of COD and turbidity removal for the different
dosages of flocculant Fe3O4/SiO2 (30–70% (w/w)) added. A test without flocculant was also
conducted, which consisted of applying the optimum dosages and parameters obtained
from the coagulant stage tests (Section 3.1). The results illustrated maximum COD removal
(89.7%) when the flocculant dosage was 10 mg/L and maximum turbidity removal (83.6%)
when the dosage was increased up to 30 mg/L. In all the tests, the TSS removal values
remained practically constant around 95%. Sultana et al. [48] treated wastewater with an
organic concentration (745 mg O2/L) similar to the present study water (786 mg O2/L)
using aluminium sulphate coagulant and clay-based flocculant. The authors obtained COD
removal efficiencies of 46.7%, which are below those achieved in this study. On the other
hand, Preston et al. [49] worked with wastewater with a similar turbidity (300 NTU) than
that of the present study (275 NTU), using aluminium sulphate as coagulant and Moringa
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as natural flocculant, and reached a similar turbidity removal of 96.2%. Overall, Figure 3
results revealed that the addition of Fe3O4(s)/SiO2(s) only led to small improvements
concerning removal values.
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Figure 3. Removal of COD (%) and turbidity (%) from anaerobic centrate after Fe3O4(s)/SiO2(s)
addition.

According to the results obtained, it could be concluded that the addition of coagulant
+ flocculant did not provide a consistent positive improvement compared to the addition of
only coagulant.

3.4. Aeration Stage

An aeration step was added after coagulation–flocculation to promote CO2(g) strip-
ping to reduce alkalinity and increase the pH before the membrane contactor system [41].
Figure 4 shows the evolution of HCO3

− removal and pH over the aeration time. The
HCO3

− present in the centrate was reduced by about 50% after 240 min of constant aera-
tion, although almost 30% of elimination was reached after 15 min. The results showed
that after 1 h of operation time, a compromise between carbonates removal (34%) and pH
increase (8.83) was achieved, although higher removal values could be reached at expenses
of higher times of operation. This agrees with the pH results, where a sudden increase was
observed after 15 min of aeration, reaching a constant value after 240 min. It is worth men-
tioning that the application of aeration could also lead to NH3 losses due to volatilization,
although they did not account for more than 2% in our study (data not shown).

García-González et al. [27] also used an aeration system as a membrane contactor
pre-treatment stage. The aeration system increased the pH above 8.5, which allowed the
partial displacement of NH4

+/NH3 equilibrium towards NH3 without the addition of
external chemicals. Besides technical aspects, aeration implementation has the potential to
reduce the total cost of the process by 70% due to the reduction in alkaline purchasing cost
(Dube et al., 2016). It is also relevant to mention that it is possible to use recycled chemicals
to further reduce the operating cost of the system.
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Figure 4. Variation of pH and the efficiency of HCO3
− removal with time in the aeration stage.

3.5. Flat-Sheet Membrane Contactor Stage

Figure 5 shows the membrane contactor results for the treated and untreated centrate
during the experimental time. The results illustrated that the TAN recovery efficiency
increased from 7.5 to 66.6% after implementing the pre-treatment train (Figure 5B). This
highlighted that C/F and aeration pre-treatments are crucial to improve the TAN recovery
efficiency from the anaerobic digester centrate using membrane contactors. In the case of
the pre-treated centrate, the TAN concentration in the feed solution decreased from 0.9 g/L
to 0.3 g/L (Figure 5A), whereas the TAN concentration in the acid solution increased from 0
to 2.7 g/L (Figure 5C). This agrees with the outputs of other studies recovering TAN using
membrane contactors [10,14]. Similarly, the results obtained in terms of concentration factor
are in line with the results of TAN in the acid tank. The concentration factor corresponded
to 3.8 and was obtained from the relationship between the ammonium concentration in the
acid tank (3.5 g/L) and the initial ammonium concentration in the feed tank (0.9 g/L).

Besides the TAN recovery efficiency, the ammonia mass transfer coefficient (Km) was
also calculated. The Km of the pre-treated centrate (1.04 × 10−5 m/s) was almost two
orders of magnitude higher than that achieved with the non-treated centrate (7.80 × 10−7

m/s). These results corroborate that the implementation of C/F and aeration before the
membrane contactor is needed to achieve efficient TAN recoveries from the anaerobic
digester centrate. Interestingly, the Km achieved in the present study with the pre-treated
centrate and flat-sheet membrane contactors was higher in comparison with Km values
reported in the literature using hollow fibre contactors (Table 8). The highest Km achieved
in this study could be attributed to the high efficiency of the pre-treatment process since
COD, TSS and turbidity were substantially reduced. This led to almost negligible fouling,
no clogging and no reduction in ammonia transfer during the operation of the membrane
contactor for the pre-treated centrate.
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Figure 5. Membrane contactor results during operation: (A) TAN concentration evolution in the
feed tank for pre-treated and untreated centrate, (B) TAN recovery and pH variation and (C) TAN
concentration evolution and concentration factor in the acid tank.

Table 8. Km values obtained in different studies with hollow fibre liquid–liquid membrane contactors.

Study
Mass

Transfer
(m/s)

Flow Rate
(mL/min)

Type of
Contactor

Initial [NH3]
g/L

%
Removal

Pre-
Treatment

Water

This study 1.0 × 10−5 450 mL/min FS-LLMC
(PTFE) 0.9 66.6 C/F and

Aeration Sidestream

[14] 8.8 × 10−7 450 mL/min HF-LLMC
(PP) 3.9 76.1 Ion-exchange Sidestream

[50] 8.9 × 10−6 920 mL/min HF-LLMC
(PVDF) 2–10 90.0 - Synthetic

[15] 2.9 × 10−7 770 mL/min HF-LLMC
(PMP) 5.0 93.1 - Synthetic

[51] 1.89 × 10−6 450 mL/min HF-LLMC
(PP) 1.7 85 Sorption Sidestream

The results of this study clearly confirmed that, in the case of a centrate with a
high concentration of organic matter and suspended solids, pre-treatment using C/F and
aeration can improve the performance of the membrane contactor. The pre-treatment
application allows avoiding operating problems, such as loss of hydrophobicity due to
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biofouling and clogging of the membrane, improving the membrane recovery performance
and making it technically feasible.

3.6. Economic Analysis
3.6.1. Economic Feasibility of Membrane Contactor Implementation

Figure 6 illustrates the economic balance of implementing a membrane contactor
system to recover ammonia from the anaerobic digester centrate. The results show that
membrane contactor implementation in a WWTP led to a negative NPV. Ammoniacal nitro-
gen recovery from the anaerobic digester centrate allows (i) achieving revenues from the
ammonium nitrate fertilizer produced and (ii) reducing the nitrogen load to the mainstream
of the WWTP with a direct impact on energy consumption. However, these revenues did
not offset the additional costs associated with the construction and operation of the differ-
ent process units. From these results, it is conceivable to state that further improvements
are still necessary to make nitrogen recovery through membrane contactors economi-
cally attractive. Besides economic considerations, ammoniacal nitrogen recovery from the
anaerobic digester centrate has the potential to reduce disturbances in the mainstream
nitrification–denitrification process and improve the WWTP effluent quality [52,53].

Figure 6. Gross cost, revenues and net present value for the nitrogen recovery scenario under study.

The membrane contactor system was the costliest process (55%), followed by aeration
(36%) and coagulation–flocculation (9%) (see Figure S2A of the Supplementary Informa-
tion). The high cost of the membrane contactor system is mainly associated with the
intensive consumption of HNO3 and, to a lesser extent, NaOH. In this regard, chemical
consumption features the highest cost contribution, representing 57% of the gross cost
(Figure S2B of the Supplementary Information). Energy consumption also represents an
important fraction of the gross cost (34.1%), which can be attributed to the high energy
requirements of the air blower system. These results highlight that chemical consumption
and aeration requirements are two important operational factors influencing the economic
competitiveness of the system.

3.6.2. Sensitivity Analysis

Figure 7 shows the sensitivity analysis for a ± 30% variation of the main economic
parameters. The results illustrate that the NH4NO3 price featured the highest impact on the
NPV. This is particularly important considering that the cost of fertilizers is expected to in-
crease in the future due to the progressive increase in fuel and electricity costs [54]. To better
understand how NH4NO3 price impacts the economic balance of the system, a sensitivity
analysis was conducted for NH4NO3 prices between 0.30 and 0.70 EUR/kg (Figure 8). The
results show that the NPV of ammoniacal nitrogen recovery increased from EUR −350,000
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to 300,000 as the NH4NO3 price increased from 0.30 to 0.70 EUR/kg, respectively. This
implies that a positive NPV was achieved at NH4NO3 prices above 0.52 EUR/kg. Overall,
these results highlight that the commercialization of the produced NH4NO3 fertilizer has
the potential to make membrane contactor configuration economically feasible.

 
Figure 7. Sensitivity analysis for a ±30% variation of the main economic parameters.

Figure 8. Sensitivity analysis for the NH4NO3 prices and mass transfer coefficient (Km). The arrows
indicated the y-axis corresponding to each line of the graph.

Nitric acid and electricity costs also feature a noticeable impact on the NPV of the
system (Figure 7). This reinforces the idea that chemical consumption and aeration re-
quirements are two important aspects influencing the economics of this configuration.
Conversely, membrane purchase cost variation did not lead to important changes in the
NPV. The low impact of the membrane purchase cost on NPV can be attributed to the high
Km coefficient (1.04 × 10−5 m/s) achieved in this study, which is substantially higher than
in other studies [5,55]. However, it is worth mentioning that the Km could be substantially
lower during long-term membrane contactor operation due to organic and inorganic mem-
brane fouling development on the membrane surface. For this reason, a sensitivity analysis
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was conducted to evaluate the impact of Km on the economic balance of the nitrogen
recovery scheme under study (Figure 8).

The results show that the NPV slightly decreased from EUR −140,000 to −260,000
as the Km decreased from 1 × 10−5 to 1 × 10−6 m/s, respectively (Figure 8). However, a
sharp decrease in the NPV was observed at Km values below 1 × 10−6 m/s. These results
highlight that Km could have a large influence on the economic balance due to its impact
on the membrane requirements of the system. For this reason, it is important to look
for suitable physical and chemical cleaning strategies able to achieve effective control of
long-term membrane fouling without excessive consumption of chemicals and energy.

4. Conclusions

This study evaluated the implementation of C/F and aeration pre-treatments prior to
a membrane contactor stage to recover nitrogen from the anaerobic digester centrate. The
results revealed that dosing aluminium sulphate at 30 mg Al/L was the best strategy for the
coagulation process. The maximum COD, turbidity and TSS removals (58 and 95 and 90%,
respectively) were achieved with a mixing speed of 100 rpm, a mixing time of 5 min and a
settling time of 30 min. The flocculation stage using Fe3O4(s)/SiO2(s) (30–70% (w/w)) did
not lead to noticeable improvements in the removal efficiencies. The aeration stage reduced
HCO3

− content up to 51% and increased the pH up to 9, without the addition of external
chemicals. Subsequently, the effluent from the C/F and aeration stages was fed to the
membrane contactor for nitrogen recovery. The membrane contactor recovered 67% of TAN
and achieved a concentration factor in the acid solution of 3.8. Finally, the techno-economic
evaluation showed that the combination of C/F, aeration and membrane contactor has the
potential to be an economically competitive alternative for nitrogen recovery.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/membranes12121251/s1; Table S1: Initial conditions for coagulant
selection; Table S2: Flocculation parameters; Figure S1: Schematic representation of the nitrogen
recovery scheme; Table S3: Main flow data for the nitrogen recovery scenario under study; Table S4:
Main design parameters used for the economic evaluation; Table S5: Main economic parameters used
for the economic evaluation; Table S6: Experiment sets of Design Expert 11 software; Figure S2: Gross
cost contribution of the nitrogen recovery scenario under study for: (A) the different processes and (B)
for the different capital and operating costs. References [56–65] are cited in Supplementary Materials.
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Abstract: Today the standard treatment for wastewater is secondary treatment. This procedure cannot
remove salinity or some organic micropollutants from water. In the future, a tertiary cleaning step may
be required. An attractive solution is membrane processes, especially nanofiltration (NF). However,
currently available NF membranes strongly reject multivalent ions, mainly due to the dielectric effect.
In this work, we present a new method for preparing NF membranes, which contain negatively
and positively charged domains, obtained by the combination of two polyelectrolytes with opposite
charge. The negatively charged polyelectrolyte is provided in the form of particles (polystyrene
sulfonate (PSSA), d ~300 nm). As a positively charged polyelectrolyte, polyethyleneimine (PEI) is
used. Both buildings blocks and glycerol diglycidyl ether as crosslinker for PEI are applied to an UF
membrane support in a simple one-step coating process. The membrane charge (zeta potential) and
salt rejection can be adjusted using the particle concentration in the coating solution/dispersion that
determine the selective layer composition. The approach reported here leads to NF membranes with a
selectivity that may be controlled by a different mechanism compared to state-of-the-art membranes.

Keywords: nanofiltration; polyelectrolyte complex membrane; polystyrene sulfonate particles;
charged mosaic membranes

1. Introduction

Nanofiltration (NF) is gaining increasing importance because it offers new possibil-
ities for more effective water purification and it has also great potential for the recovery
of valuable resources from water [1]. In many cases, a tailored selectivity, for instance,
between different ions, is of large interest, but the permeance of the membrane should also
be competitive. Most frequently used commercially available NF membranes are thin-film
composite membranes, most of which are fabricated using the interfacial polymerization
of polyamides as a separation layer [2]. One of the promising emerging alternatives is NF
membranes with polyelectrolytes as building blocks for their separation layer, with the
layer-by-layer (LBL) technology as one effective fabrication method [3,4]. The combination
of polymers with complementary charged groups (polyelectrolytes) on a suited ultrafiltra-
tion (UF) membrane forms a selective thin film with controllable properties. To obtain such
thin films, different LBL methods can be used, e.g., dip coating, spray coating, and spin
coating [3–5]. The formation and structure of these films are strongly influenced by pH,
ionic strength, and temperature. The LBL process in general is not limited to polymeric
materials; for instance, it can be used to prepare layers from charged particles [6]. The most
significant drawbacks of LBL-enabled processes are the cumbersome multi-step coating
process and the fact that the polyelectrolyte-based membranes may exhibit a lack of sta-
bility to high ionic strengths and extreme pH values. Membranes prepared using the LBL
method often exhibit very similar separation properties compared to simply charged NF
membranes because the separation performance is often largely determined by the last
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applied layer [7]. LBL-prepared polyelectrolyte membranes are stable in organic solvents;
therefore, they are suitable for solvent-resistant nanofiltration (SRNF) [8].

The use of a combination of polyelectrolytes of opposite charge in membrane fab-
rication, e.g., via the LBL process, results in polyelectrolyte complex (PEC) membranes.
Polyelectrolyte membranes have been known for many decades and were first described
by Meyer and Sievers in the 1930s [9,10]. The transport through these membranes is de-
scribed by the Donnan Steric Pore Model with Dielectric Exclusion (DSPM-DE) theory [11].
Different contributions to selectivity can be discussed, based on three mechanisms, i.e., size
exclusion, Donnan exclusion, and dielectric exclusion. The selectivity of different types
of NF membranes is affected differently by individual contributions. Membranes whose
selectivity is based to a large extent on dielectric exclusion are characterized by the fact
that they often have a higher rejection of multivalent ions compared to monovalent ions.
For example, the well-known polyamide membrane NF270 from DuPont exhibits a strong
dependence on dielectric exclusion due to its dense structure, low dielectric constant, and
limited swelling in water. By this membrane, both kinds of divalent ions, cations and
anions, are more rejected than monovalent ions; e.g., single salt rejection of both MgCl2
(CaCl2) and Na2SO4 is higher than that of NaCl (MgCl2 (CaCl2) = Na2SO4 > NaCl), al-
though the membrane has a negative surface charge [12]. This also results in a higher
scaling tendency for typical scalants, such as hydroxylapatite (Ca5[OH(PO4)]3) or calcium
sulfate (CaSO4). Conversely, when the selectivity of the membrane is strongly dependent
on Donnan exclusion, which is the case when relatively loosely bound swellable poly-
electrolytes are used to build the selective layer, the scaling tendency can decrease due to
the depletion of one of the scaling forming species. An example of a negatively charged
NF membrane, with high dependence on Donnan exclusion, was presented by Bernstein
et al. [13]. This membrane was synthesized by grafting cross-linked poly(vinyl sulfonic
acid) onto an UF membrane, leading to a strongly negatively charged selective layer of the
NF membrane. This also led to a much higher rejection of negatively charged ions than
positively charged ions (Na2SO4 > NaCl > CaCl2). These membranes showed a significantly
lower scaling tendency compared to commercial polyamide (PA) membranes [14]. Previous
work of Levchenko and Freger [12] demonstrated that cross-linked polyethyleneimine
(PEI) generates a positively charged NF selective layer. This membrane was prepared by
crosslinking of PEI on a suitable UF membrane support. Due to the strong positive charge,
the single-salt rejection sequence was MgCl2 > NaCl > Na2SO4. In addition, this membrane
also showed a significantly lower scaling tendency for phosphates and sulfates, based on
the depletion of these species from the retentate.

The combination of loosely bound, swellable polyelectrolytes of different charge can
lead to a charged mosaic (CM) membrane. The concept of CM membrane was developed by
Sollner in 1932 [15]. The selective layer of CM membranes is characterized by differentially
charged domains, and their separation mechanism is also strongly influenced by Donnan
exclusion [16,17]. This leads to a depletion of both kinds of charged species of higher
charge density via interaction with the complementary domains and results in a unique
rejection pattern (NaCl > Na2SO4 ~ CaCl2). This could also be an advantage for scaling
prevention, but it of interest as well for tertiary treatment of saline wastewater, where
there is interest in removal of NaCl, but ions such as Ca2+, Mg2+, or HPO4

2− should
remain in the treated water. CM membranes have been under development for a long
time. A CM membrane was prepared, for example, via demixing of a charged and an
uncharged polymer during membrane casting and subsequent functionalization of the
uncharged polymer with oppositely charged groups [16]. However, no CM membrane
with the competitive selectivity and permeability can yet be fabricated with a well-scalable
method [3].

In a recent perspective article on new materials and approaches to membrane fabrica-
tion [18], the utilization of nano- and microparticles as building blocks for membranes was
also emphasized as one promising route. Very much research is devoted to nanocomposite
membranes with porous inorganic or organic/inorganic particles as part of the selective

72



Membranes 2022, 12, 1138

layer [19]. However, the focus of this work is on purely organic particles that can act as
permeable domains in the selective layer. This approach is much less explored. Among
the few examples in the literature are zwitterionic polymeric nanoparticles that have been
integrated via interfacial polymerization into PA layers [20].

In this work, we present a new method for preparing NF membranes, which contain
negatively and positively charged domains, obtained by the combination of two poly-
electrolytes with opposite charge. The negatively charged polyelectrolyte is provided
in the form of particles with a diameter of about 300 nm. Particles are synthesized by
batch emulsion polymerization of 4-styrene sulfonic acid ethyl ester with divinylbenzene
as a crosslinker monomer and subsequent conversion to polystyrene sulfonate (PSSA).
As a positively charged polyelectrolyte, PEI is used to act as the matrix for incorpora-
tion/immobilization of the PSSA particles. Both buildings blocks and glycerol diglycidyl
ether (GDE) as the cross-linker for PEI are applied to a UF membrane support in a simple
one-step coating process, followed by thermal curing. The fraction of PSSA particles in
the coating solution/dispersion was varied, and this yielded tunable composition and
net charge of the selective layer, as shown by IR spectroscopy and zeta potential analyses.
NF characterization revealed that the salt rejection could also be tuned from the typical
behavior of a cationic membrane (without PSSA) to that of an anionic membrane (at a high
PSSA content). For medium values of PSSA concentration used for the coating, it was
possible to obtain net-charge-balanced NF membranes that had equal rejections of Na2SO4
and CaCl2 and lower rejection of NaCl. Hence, the feasibility of integration of polyanionic
particles as building blocks in PEC NF membranes was demonstrated, but no CM behavior
could be obtained.

2. Materials and Methods

2.1. Materials

Polyethersulfone (PES) flat sheet ultrafiltration membranes with a molecular weight
cut-off (MWCO) of 30 kDa, provided by Sartorius (type: 14659, batch number: 2050123),
were used as a support membrane. Divinylbenzene (DVB) from Fluka was used as
a crosslinker monomer. The functional monomer styrene sulfonate sodium salt (SSA-
Na), bromoethane (EtBr), potassium persulfate (KPS), polyethyleneimine (PEI), 270 kDa),
crosslinker glycerol diglycidyl ether (GDE), and the surfactant sodium dodecyl sulfate
(SDS) were purchased from Sigma Aldrich. The solvents acetonitrile and dichloromethane
were obtained from VWR. The salts sodium chloride (NaCl), sodium sulfate (Na2SO4),
calcium chloride (CaCl2), and sodium phosphate (Na3(PO4)2) were received from Fluka.
Silica gel (for chromatography) with a particle size of 60–200 μm from Acros Organ-
ics was used for the purification of the monomer. All chemicals were used as received.
Ultrapure water was provided by the water purification system Arium from Sartorius
(Göttingen, Germany).

2.2. Preparation of Negatively Charged Polyelectrolyte Particles (Polystyrene Sulfonate)

The polyelectrolyte particle synthesis via emulsion polymerization of a hydrophobic
precursor, the protected polystyrene sulfonic acid, and subsequent deprotection was based
on the works of Tiwari and Walther [21] and Woeste et al. [22]. Since the monomer styrene
sulfonic acid ethyl ester (SSE) was not readily available, it was synthesized (Figure 1). The
silver method was used to convert the sodium salt of the monomer into the corresponding
sulfonic acid ester [23].

First, SSA-Na was dissolved in water, and silver nitrate in a molar ratio 1:1 was added
as solid under cooling at 4 ◦C and protection against light. The precipitated grey solid
was separated via suction filtration and washed several times with ice-cold water and
diethyl ether. Then, the grey product was dissolved in acetonitrile and filtered again to
remove impurities. For the second step, the double molar amount of EtBr relative to SSE-
Ag was added, and the reaction was carried out for six hours at 70 ◦C. After cooldown,
the solution was filtrated via suction filtration to remove the co-product silver bromide.
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The solvent was then removed by rotary distillation. Afterwards, the white residue was
dissolved in dichloromethane, and the solution was purified by passing it through a column
containing silica gel. Finally, the solvent was removed using rotary distillation. The final
product was a slightly yellowish viscous liquid and was stored in a freezer at <−21 ◦C to
prevent auto-polymerization. The purity of the product SSE was confirmed by 1H-NMR
spectroscopy. The particles were prepared by emulsion polymerization of SSE with DVB as
a crosslinker, using SDS as a surfactant and KPS as an initiator (Figure 2). A different reactor
from Tiwari and Walter [20] was used, and some reaction conditions were adjusted. First,
200 mL of a solution of SDS in water with a concentration of 0.5 mmol/L was filled into the
small lab-scale glass reactor with a mechanical stirrer (instead of using snap-on glass vials
with magnetic stirring bar). After degassing of the SDS solution in a vacuum chamber at
200 mbar, the monomer mixture with 1 wt% SSE relative to continuous phase and 4 mol%
DVB (relative to total monomer) was added. After heating to 70 ◦C, the mixture was
stirred at 800 rpm for 30 min with a mechanical anchor stirrer. Then, KPS dissolved in a
small amount of water was added to the reactor; the concentration of KPS in the mixture
was 4 mmol/L. After a few seconds to minutes, the emulsion changed from turbid to a
white dispersion. To ensure complete monomer conversion, the reaction was continued for
24 h. The mixture was then filtrated with an MN615 1

4 pleated filter paper (corresponding
retention range > 4 μm) from Macherey-Nagel to remove big structures and thereafter
filled in a dialysis bag with a nominal MWCO of 12 kDa and dialyzed against DI water.
After reaching a conductivity of < 5 μS/cm in the dialysate, purification was considered
complete. Then, the particles were freeze-dried (Martin Christ Alpha 1-4 100400 ISCEON,
Osterode, Germany); a cotton wool-like solid was obtained. For deprotection, the particles
were dispersed in 1 mol/L aqueous sodium hydroxide solution and heated to 110 ◦C under
reflux for 12 h (Figure 2). These harsh conditions ensure a complete conversion of the
sulfonic acid ester. The purification was carried out again by dialysis (MWCO 12 kDa) until
a conductivity < 5 μS/cm was reached. Obtained particles were again freeze-dried.

 
Figure 1. Reaction scheme for synthesis of styrene sulfonic acid ethyl ester.

 
Figure 2. Reaction scheme for synthesis of the particles via emulsion polymerization of SSE and DVB
initiated by KPS in an aqueous SDS solution, followed by saponification of the sulfonic acid ester
(“deprotection” of ion exchange groups).
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2.3. Particle Characterization
2.3.1. Calculation of Charged Group Density

The charged group density (CGD) was calculated following Equation (1),

CGD =
z

x1 · M1 + x2 · M2
(1)

where z is the charge per repeat unit and M1 is the molar mass of functional monomer, M2 is
the molar mass of crosslinker monomer, and x1 and x2 are the molar fractions of functional
monomer and crosslinker monomer, respectively, in the copolymer.

2.3.2. Zeta Potential and Particle Size

The particles were re-dispersed in ultrapure water at a concentration of 1 mg/mL.
Dynamic light scattering (DLS) measurements were performed on a Zetasizer UltraPro
from Malvern Panalytical (Worcestershire, UK) equipped with a DTS1070 flow cell. After
determining particle size, the zeta potential was analyzed in the same cell. The PDI for an
individual peak of the particle size distribution was calculated with Equation (2).

PDI =
(σ

d

)2
(2)

where σ is the standard deviation and d is the mean particle size. For measuring the pH
dependency, an automatic titration unit (MPT-2) was connected to the Zetasizer instrument.
The measurements were performed with a pH increment of 0.5. The pH was adjusted by
using HCl or NaOH, respectively.

2.3.3. Scanning Electron Microscopy (SEM)

For SEM image acquisition, the particles were first dispersed in water. In parallel,
a single crystalline silicon wafer was immersed in a 10 g/L solution of PEI (270 kDa,
branched) in water and cleaned with water after 10 min. Subsequently, the wafer was
dried with compressed air and then immersed in the particle dispersion for another
10 min, followed by rinsing with water. Due to the electrostatic interactions between
the PEI on the wafer surface and the particles, single particles could be imaged. To ensure
sufficient conductivity of the sample, the samples were sputtered with an Au/Pd layer.
The image acquisition was performed with the instrument Apreo S LoVac from Thermo
Fisher Scientific (Waltham, MA, USA).

2.4. Membrane Fabrication

The support membrane was cut into rectangular shape (130 mm × 210 mm). It was
first washed with a mixture of water/ethanol (50:50) for two hours to remove soluble
components. Then, the membrane was soaked in a solution of 50 g/L glycerol in ethanol
for 24 h. Afterwards, it was mounted in a glass frame (120 mm × 200 mm) that allows it
to cover the membrane with a solution. The coating solution/dispersion with the desired
concentrations was prepared by adding PSSA particles to a solution of PEI in ethanol
solution, followed by sonication for 20 min to ensure that the particles were also well
dispersed. Finally, the crosslinker (GDE) was added, and the solution/dispersion was
stirred for 20 min. In the meantime, the surface of the mounted membrane was washed
with ethanol a few times to remove the excess of glycerol from the surface, followed by a
quick drying of the surface with compressed air. Next, the modification solution was spread
on the membrane surface, limited by the glass frame; the volume/area ratio was always
~0.28 mL/cm2. This value was chosen to ensure a complete coverage of the membrane
surface with liquid. After 5 min, the liquid was discarded, and the wet membrane was
transferred to an oven where is was kept in horizontal orientation at 60 ◦C for two hours to
ensure a complete cross-linking of PEI by GDE.
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2.5. Membrane Testing and Characterization
2.5.1. Water Permeance and Single Salt Rejection

The performance of the membrane was determined in a laboratory dead-end nanofil-
tration set-up equipped with a stirrer. The feed container had a volume of 100 mL. The
active membrane area was 9.62 cm2 and the stirring rate was set to 600 rpm. Each mem-
brane sample was fully compacted by pure water filtration at 8 bar until constant flux
was reached, before testing separation performance. Water permeance was calculated by
Equation (3).

P =
V

p · t · A
(3)

where V is the filtered volume, p is the transmembrane pressure, t is the sampling time, and
A is the active membrane area. The rejection of NaCl, Na2SO4, and CaCl2 was determined
with single salt feed solutions containing 1 g/L of the individual salts in water. Conductivity
was measured to determine salt concentrations. Rejection was calculated by Equation (4).

R =

(
1 − CP

CF

)
· 100% (4)

where CP and CF are salt concentrations in initial feed and in collected permeate, respec-
tively. The mixture of the three salts (0.25 g/L Na2SO4, 0,25 g/L CaCl2, and 0.5 g/L NaCl)
at a total concentration of 1 g/L was also used. The cation and anion concentrations in
mixed salt solution of feed and permeate were determined separately. The cations were
analyzed via atomic absorption spectroscopy (AAS) using M-Series FS95 from Thermo
Fisher Scientific (Waltham, MA, USA), and for the anions, an ion chromatograph from
Metrohm (IC 883 with Autosampler; Herisau, Switzerland) was used. For all filtrations, a
maximum of 20 mL of permeate was filtered through the membrane to avoid a too strong
concentration of the feed (maximum concentration factor of 1.25).

Three samples for each membrane type have been tested and mean values and stan-
dard deviations are reported.

2.5.2. Zeta Potential

Zeta potential of the membrane surface was determined by using a SurPASS1 elec-
trokinetic analyzer from Anton Paar (Graz, Austria) equipped with an adjustable gap cell.
The gap width was adjusted to 100 μm with a tolerance of 5 μm. The measurement was per-
formed with 1 mmol/L KCl solution as electrolyte. At the beginning of each measurement,
550 mL of that KCl solution was added to a container, and the pH value was adjusted to a
value of ~2.5. After 10 min of circulating the solution through the measurement cell, the
measurement was started. During measurement, the pH value was automatically adjusted
with an increment of 0.5 by using 0.1 mol/L KOH solutions. At every pH increment,
a triple determination was performed. The zeta potential was calculated by using the
Helmholtz–Smoluchowski Equation (5).

ζ =
dUstr

dp
· η

ε · ε0
· KB (5)

where dUstr
dp is the slope of the plot streaming potential vs. differential pressure, KB is

electrolyte conductivity, η is electrolyte viscosity, ε is dielectric constant of electrolyte, and
ε0 is permittivity of vacuum.

2.5.3. ATR-IR Spectroscopy

The surface chemistry was characterized using FTIR spectroscopy in the attenuated
total reflectance (ATR) mode (Bruker Alpha I). The membrane sample was measured at
three different locations in the range 400–4000 cm−1.
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3. Results and Discussion

3.1. Poly(Styrene Sulfonic Acid) Particles

PSSA particles were synthesized as described in Section 2.2. The mechanical stirring
system was used instead of simple magnetic stirring to have more control over the stirring
speed. The emulsion polymerization was performed using a surfactant (SDS) concentration
(0.5 mmol/L), which was well below its critical micelle concentration (CMC ~8.2 mmol/L)
because it is well-known that emulsion polymerization below the CMC also lead to well-
defined particles [24,25]. Lower SDS concentrations produce fewer nuclei during nucleation
and lead to growth of larger particles and vice versa [21]. The specific particles selected for
this work had been obtained with a crosslinker content of 4 mol% DVB in the dispersed
organic phase consisting of the monomer SSE (Figure 2). The resulting moderate cross-
linking degree should on the one hand provide sufficient swelling in water to allow ion
transport through the particles and on the other hand yield sufficient particle stability.
Table 1 shows the most important properties of the obtained particles. The target size of
200 nm was approximately obtained for the protected version (207 ± 12 nm) of the particles
by using 0.5 mmol/L SDS and 4 mol% DVB with 1 wt% SSE (compared to continuous
phase). Furthermore, the sulfur content was determined by elemental analysis of the dried
particles and used to calculate the actual density of functional or charged groups. The
values were only slightly lower than the theoretical values of 4.8 mmol/g for protected and
4.9 mmol/g for deprotected particles, calculated by Equation (1) for complete incorporation
of both monomers in the copolymer.

Table 1. Size and related polydispersity index, determined by DLS, as well as sulfur content, analyzed
by elemental analysis, of the particles after synthesis (“protected”) and after subsequent deprotection.
Mean values and standard deviation were calculated from results of three individual measurements.

Sample Size (nm) PDI S (wt%)
Functional/Charged

Group Density,
Experimental (mmol/g)

Protected 207 ± 12 0.14 ± 0.01 14.9 ± 0.1 4.7

Deprotected 344 ± 40 0.14 ± 0.06 13.6 ± 0.1 4.3

Average particle size of as-synthesized particles increased from 207 nm to 344 nm
after complete hydrolysis of all ester groups to yield sulfonic acid groups; this indicated
significant swelling of the particles in water (Figure 3a, Table 1). The swelling is driven
by the hydration of the charged groups of the polymer and counteracted by the chemical
crosslinking of the network. The PDI was low and did not change after deprotection.
The size distribution could be described as practically monodisperse. Moreover, the
introduction of the sulfonic acid groups shifted the zeta potential after deprotection of the
particles to more negative values (Figure 3b). The fact that the protected particles also
showed a negative zeta potential can be explained by incorporation of the surfactant SDS,
with sulfate groups, on the particle’s surface.

To investigate the stability of the particles, their size and zeta potential in water were
measured as function of pH value (Figure 4a). The size varied only slightly between 235 nm
and 257 nm. The zeta potential decreased slightly in the acidic pH range. These results
proved that the particles are negatively charged and that, consequently, their swelling
degree did not change significantly over the entire pH range. Figure 4b shows an SEM
image of the protected particles. The observed size was 133 ± 27 nm and therefore smaller
than the values determined by DLS. This is due to the dry state of the particles, because the
DLS method determines the hydrodynamic diameter, which is usually larger because of
hydration effects.
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(a) (b) 

Figure 3. Comparison of protected and deprotected particles: (a) size; (b) zeta potential (kcps = kilo
counts per seconds); data are shown for one of the three independent measurements (Table 1).

 
 

(a) (b) 

2 μm 

Figure 4. (a) Particle size and zeta potential as function of pH value; (b) SEM image of protected
particles deposited on a PEI-coated silicon wafer. Measured particle size 133 ± 27 nm (n > 100).

3.2. Membrane Performance

As the cationic matrix for incorporation of the particles, branched PEI with a molar
mass of 270 kDa was used. The particles were limited in their swelling in water by
crosslinking during synthesis by polymerization (Section 3.1), whereas the matrix polymer
PEI should be cross-linked by GDE. The coating of the porous PES support membranes
was carried out with ethanol instead of water as solvent, because the crosslinker GDE
is insoluble in water. To increase pore stability during drying, the membranes were
impregnated, before coating, in a glycerol/ethanol mixture. Glycerol cannot evaporate
at the given conditions and thus additionally stabilizes the pores. In the first series of
experiments, the PEI and the crosslinker concentrations were kept constant at 0.5 g/L and
1 g/L, respectively, while the particle concentration was varied from 0 to 1 g/L; results
are shown in Figure 5. The relatively small errors of the measurements for three samples
of 9.62 cm2 from the same membrane batch indicate that the membrane fabrication is
uniform on the cm length scale. The NF experiments with the single salt solutions were
typically performed by first using the NaCl solution, followed by the Na2SO4 solution and
then the CaCl2 solution; finally, the NaCl solution was filtered again. The NaCl rejection
values in first and last filtrations were identical within the margin of error, indicating that
the membranes were stable during the series of filtrations of different salt solutions. The
reference membrane without addition of particles already showed an Na2SO4 rejection of
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24%, a similar rejection for NaCl and the highest rejection for CaCl2. This can be explained
by the positively charged barrier layer composed of cross-linked PEI. The amino groups
were protonated and therefore positively charged and thus increased the rejection based
on Donnan exclusion, especially for double-positively charged Ca2+ ions. The observed
reduced water permeance and increased rejection for all single salts at low addition of PSSA
particles (up to 0.125 g/L) indicated the promotion of crosslinking of the PEI-based barrier
layer by the particles. Because of the small PSSA fraction, the effect of PEI on rejection still
dominated, so that rejection of CaCl2 was still highest. With a particle concentration of
0.25 g/L in the coating solution/dispersion, the resulting membrane had approximately
equal rejections (~50%) for CaCl2 and Na2SO4 and ~25% rejection for NaCl. Similar rejection
of the salts with the two double-charged ions of opposite charge indicated a macroscopically
neutral membrane barrier layer. For that kind of membrane, it had also been found that the
rejection of the individual ions in a ternary salt mixture of the same total salt concentration
was, within the range of error, identical to the data obtained for single salt feeds (Figure S1).

Figure 5. Influence of the variation of PSSA particle content in ethanol used for coating the porous
PES support membrane onto the water permeance and rejection of single salts. The PEI and GDE
contents were 0.5 g/L and 1 g/L, respectively.

By increasing the particle content further, up to 1 g/L, the water permeance increased
strongly and salt rejection decreased. However, the influence of the negatively charged
particles on salt rejection became larger because the rejection of Na2SO4 was much higher
than for the other salts. Hence, the particles dominated the properties of the selective layer.
However, they seemed to interfere with the chemical cross-linking of the PEI. Instead,
the proportion of ionic crosslinking, due to interactions between PEI (+) and particles (-),
became larger. This formation of polyelectrolyte complexes, in combination with a lower
degree of chemical crosslinking of the layer, could be considered a reason for higher water
permeance and overall lower salt rejection.

In a second series of experiments, both PEI and crosslinker concentrations were kept
constant at 1 g/L, and the particle concentration was varied from 0 to 1 g/L; results are
shown in Figure S2. Because of the higher PEI concentration, the salt rejection of the
reference membrane (0 g/L PSSA) was much higher than in the first series and similar
to other nanofiltration membranes with the cross-linked PEI layer reported in the liter-
ature [12]. The effects of the PSSA particles were similar to the first series, but because
of the higher rejection values, the trends were less clear. Therefore, the further analysis
is focused on composite membranes from the first series. Overall, the permeance of the
obtained membranes was rather low compared to other NF membranes, with PEI as part of
the selective layer (e.g., [12,26]). The main reason is likely that the PES UF membrane that
had been used as support had not been developed for this purpose and that its structure
had not been fully protected against pore collapse during the thermal curing step.

79



Membranes 2022, 12, 1138

Zeta potential data are shown in Figure 6a. The results for the composite membranes
reflect the influence of the particle concentration very well. The membrane prepared
only with PEI (equivalent to PSSA content of 0 g/L in Figure 6) had the typical zeta
potential with an isoelectric point of pH 9. As the fraction of particles within the coat-
ing solution/dispersion increased, the isoelectric point shifted to a more negative value,
and the zeta potential became correspondingly more negative. This related well to the
single salt rejections and the corresponding water permeabilities. Relevant parts of IR
spectra are shown in Figure 6b (complete IR spectra are shown in Figure S3). The band at
~1038 cm−1 could be assigned to the symmetric S-O stretching vibration of the sulfonic
acids groups as a signature of the PSSA particles. Data clearly reveal that with increasing
particle concentration in the coating solution/dispersion, the intensity of the corresponding
band also increased.

 
(a) (b) 

Figure 6. (a) Zeta potential as function of pH value; (b) IR spectra; membranes coated with 0.5 g/L
PEI and variable PSSA content.

SEM data for selected membranes can be seen in Figure 7. The images show an added
layer containing particles on the surface of the PES support membrane in both cases. The
distribution of the particles appeared relatively inhomogeneous, but an increase in particle
density on the surface can be observed from Figure 7a (0.25 g/L) to Figure 7b (0.5 g/L),
which is consistent with the increase in particle fraction used for coating. Particles seem to
be partially embedded in a thinner layer; this could be explained by the partial formation
of an interpenetrating structure upon mixing both polyelectrolytes that is then cross-linked.
It should be considered that images had been taken for the dry membranes; because the
cross-linked polyelectrolytes forming the barrier layer will swell in water, the wet structure
in operating mode will be different.

Because the barrier layer is formed by the combination of a strong (PSSA particles)
and a weak (PEI) polyelectrolyte, the effective charge of the barrier layer will change with
the pH value (Figure 6a). Therefore, it can be expected that the rejection pattern for dif-
ferent salts for each specific membrane type (with a certain PSSA:PEI ratio; Figure 5) will
also depend on the pH value (analogous to, for example, previous work where Nafion
and polyvinylamine had been combined in the barrier layer of a polyelectrolyte com-
plex NF membrane [17]). Because the focus of this work was the demonstration of the
feasibility of using PSSA particles as building blocks for the fabrication of tunable poly-
electrolyte complex membranes in a simple one-step coating process, this aspect was not
further investigated.
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(a) (b) 

500 nm 500 nm 

Figure 7. Cross-section SEM images of composite membranes obtained by using different solu-
tions/dispersions for coating: (a) 0.25 g/L PSSA particles, 0.5 g/L PEI, and 1 g/L GDE; (b) 0.5 g/L
PSSA particles, 0.5 g/L PEI, and 1 g/L GDE.

In summary, polyelectrolyte barrier layers with structures and properties that are
tunable by the particle fraction have been obtained. Up to particle concentrations of
0.25 g/L, the covalent crosslinking between PEI molecules by GDE dominated, and ionic
cross-linking between PEI and PSSA (PEC formation) might have an additional contribution.
By further increasing the particle concentration up to 1 g/L, the chemical crosslinking
between PEI molecules was disturbed, and ionically crosslinked structures PEI and PSSA
were predominantly formed. In the apparently charge-balanced barrier layers (according
to results of single salt and salt mixture nanofiltration; Figure 5 and Figure S1) obtained
at 0.25 g/L, the particles may act as negatively charged domains (with sulfonic acid
group) and the PEI (with ammonium groups) as a positively charged matrix. It is believed
that the way the two polyelectrolytes are applied to the membrane surface results in the
formation of polyelectrolyte complexes, which is also thermodynamically favored [27,28].
However, due to the cross-linking of the PSSA particles (during synthesis) and of the PEI
(during membrane fabrication), a complete interpenetration of the two polyelectrolytes is
impossible, so the evoked domain structure is plausible.

Unfortunately, none of the membranes prepared here, neither charge-balanced nor
with an excess of one charge, showed the rejection pattern expected for CMs in conventional
theory [16,29]. Specifically, no membrane showed the rejection of salt of both divalent cation
and divalent anions lower than that of monovalent ions. The charge-balanced membranes
could fail to yield the expected salt rejection patterns for several reasons. First, it might
be because the charged domains were not continuous over the entire barrier layer (e.g.,
because PEI could fully engulf particles on the PES surface and partially block support
membrane pores) or because the particle’s size was too large. However, images in Figure 7
indicate that the PEI matrix and most particles could cross the entire top-layer thickness. It
is then likely that the reason might be of a more fundamental nature, as explained below.

In a recent paper, Fan et al. [30] reported that conductivity of an ion-exchange mem-
brane loaded with a counter-ion of different valences was largest for monovalent counter-
ions and decreased with valency. This trend was related to the mobilities of counter-ions
suppressed by the non-homogeneity of the electric field around fixed charges, predicted
within the Manning counter-ion condensation theory, for media of reduced permittivity
and increasing with the valency. Essentially, the same conclusion follows from a recently
proposed and distinctly different physical picture based on the Bjerrum-like association of
fixed charges and counter-ions [31]. Since—as a defining feature of CMs—all ions permeate
an ideal CM as counter-ions via their respective domains, the conductivity of domains is
directly related to the permeability of the CM. Although partitioning factors—the basis
of conventional theory of CMs based on Donnan model—favors multivalent ions, their
reduced mobility highlighted by Fan et al. [30] may override the effect of partitioning and
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preclude the expected CM performance. This scenario obviously needs further investigation
and will be clarified in future studies.

An overview of literature data for polyelectrolyte complex membranes made from
building blocks with similar ionic groups but using the LBL approach is provided in
Table S1 [32–37]. The comparison of overall separation performance, i.e., considering
the trade-off between water permeance and salt rejection, reveals that the charge-balance
membranes, taken as one example, are not yet fully competitive. One option to increase
performance due to higher water permeance with same rejection pattern has already been
indicated above, i.e., preventing the pore collapse of the support membrane during the
thermal curing step.

4. Conclusions

In this work, we have reported a novel polyelectrolyte complex NF membrane pre-
pared by a simple one-step coating on a PES ultrafiltration membrane. The negatively
charged PSSA particles, as a novel kind of building block, were synthesized by batch
emulsion polymerization. Such PSSA particles and positively charged PEI were used for
membrane preparation. The membrane charge (zeta potential) and salt rejection could be
adjusted by the particle concentration in the coating solution/dispersion that determined
the selective layer composition. In this way, membranes with low permeabilities, but
balanced charge and the symmetric rejection of divalent ions, could be obtained. The
membrane barrier structure and separation performance were controlled by the fraction
of particles. At low particle concentrations, the crosslinking of PEI seemed to be more
effective. At higher particle concentrations, an increase in permeability could be observed,
possibly due to less chemical crosslinking of the PEI and more ionic interaction between
PEI and PSSA particles. The membranes obtained at a specific ratio between PSSA and
PEI contained domains with either an excess of positive or negative charges, resulting
in approximately equal rejection of positively and negatively charged species of higher
valency. Overall, the feasibility of synthesizing tailored polyanionic particles and of their
integration as building blocks in PEC NF membranes was demonstrated. However, CM
behavior was not obtained. The reason might lie in the membrane morphology or be of
a more fundamental nature. The domain structure achieved in this work might not meet
the stringent requirements that both domains in a CM span the entire thickness and have
commensurate permeability controlled by the Donnan mechanism. As an alternative, in
the next stage towards an improved structure, positively charged particles may be syn-
thesized and combined with the already established negatively charged particles. On the
other hand, the ideal CM performance may also be precluded by the reduced mobility of
multivalent ions compared to their monovalent counterparts. Hence, the feasibility and the
development of a true CM NF membrane still remain a challenge for future research.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/membranes12111138/s1, Figure S1. Water permeance and rejection
of individual ions in a mixture of three salts for the composite membrane obtained by a coating at
a PSSA particle concentration of 0.25 g/L and PEI and GDE concentrations of 0.5 g/L and 1 g/L,
respectively. Figure S2. Influence of the variation in PSSA particle content in ethanol used for coating
the porous PES support membrane onto water permeance and rejection of single salts. The PEI and
GDE contents were 1 g/L (in the second series of experiments). Figure S3. Complete IR spectra of NF
membranes from the first series.
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Abstract: This study presents the characterization of water dynamics in cellulose acetate–silica
asymmetric membranes with very different pore structures that are associated with a wide range
of selective transport properties of ultrafiltration (UF) and nanofiltration (NF). By combining 1H
NMR spectroscopy, diffusometry and relaxometry and considering that the spin–lattice relaxation
rate of the studied systems is mainly determined by translational diffusion, individual rotations and
rotations mediated by translational displacements, it was possible to assess the influence of the porous
matrix’s confinement on the degree of water ordering and dynamics and to correlate this with UF/NF
permeation characteristics. In fact, the less permeable membranes, CA/SiO2-22, characterized by
smaller pores induce significant orientational order to the water molecules close to/interacting with
the membrane matrix’s interface. Conversely, the model fitting analysis of the relaxometry results
obtained for the more permeable sets of membranes, CA/SiO2-30 and CA/SiO2-34, did not evidence
surface-induced orientational order, which might be explained by the reduced surface-to-volume ratio
of the pores and consequent loss of sensitivity to the signal of surface-bound water. Comparing the
findings with those of previous studies, it is clear that the fraction of more confined water molecules
in the CA/SiO2-22-G20, CA/SiO2-30-G20 and CA/SiO2-34-G20 membranes of 0.83, 0.24 and 0.35,
respectively, is in agreement with the obtained diffusion coefficients as well as with the pore sizes and
hydraulic permeabilities of 3.5, 38 and 81 kg h−1 m−2 bar−1, respectively, reported in the literature. It
was also possible to conclude that the post-treatment of the membranes with Triton X-100 surfactants
produced no significant structural changes but increased the hydrophobic character of the surface,
leading to higher diffusion coefficients, especially for systems associated with average smaller pore
dimensions. Altogether, these findings evidence the potential of combining complementary NMR
techniques to indirectly study hydrated asymmetric porous media, assess the influence of drying
post-treatments on hybrid CA/SiO2 membrane’ surface characteristics and discriminate between
ultra- and nano-filtration membrane systems.

Keywords: NMR; spectroscopy; diffusometry; relaxometry; cellulose acetate; asymmetric membranes;
ultrafiltration; nanofiltration
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1. Introduction

It is established that the structure and dynamics properties of pore-confined molecules
are greatly affected by the morphology of porous media [1–3]. In membrane separation,
the state of water within a membrane’s three-dimensional porous network plays a role in
elucidating the mechanisms of its selective mass transfer task. Concertedly, the separation
performance of a membrane can be gauged by the interplay of factors such as the pore size,
electrical charge, hydrophilic/hydrophobic characteristics of the membrane polymeric or
hybrid matrix and the solutes [4,5]. Therefore, the membranes’ porous structure and the
state of water within its porous matrix are crucial to understanding the mechanisms of
membrane selective transport.

The determination of the accurate morphological features of porous media still rep-
resents a challenge as many properties depend not only on the void size’s distribution
but also on their connectivity and liquid–surface interactions [6]. Although there is a vast
amount of scientific literature focused on microscopic and spectroscopic characterisation for
elucidating the mechanisms of membrane selective transport in the active layer structures of
integrally skinned cellulose acetate (CA) or cellulose esters membranes [4,7–12], this subject
is more complex in the study of hybrid CA and silica, CA/SiO2, asymmetric membranes
constituting the system of this work [13,14]. Previous studies by de Pinho et al. [15,16] on
the characterisation of the water order and dynamics in asymmetric CA/SiO2 hybrid mem-
branes, covering a wide range of ultrafiltration (UF) and nanofiltration (NF) permeation
properties, pointed to an essential indication that Nuclear Magnetic Resonance (NMR)
relaxometry observables, which are strongly dependent on water–surface interactions
due to confinement, can be reliably correlated with the membranes’ asymmetric porous
structures and selective permeation performance.

Nuclear Magnetic Resonance (NMR) relaxometry is a widely used experimental
technique that enables the study of a large variety of chemical compounds, such as liquid
crystals, polymers, ionic liquids and complex food systems, just to name a few [17–20].
The 1H NMR longitudinal relaxation rate dispersion (R1 in the function of the 1H Larmor
frequency) is sensitive to molecular motions occurring at timescales ranging from milli-
to picoseconds and from slower collective motions in liquid crystalline phases to fast
molecular rotations. 1H NMR relaxometry is especially sensitive to the existence of some
degree of confinement, enabling an indirect study of a confining matrix by introducing a
well-known liquid, usually water, into its structure. Relaxation-inducing interactions of the
probing liquid with the surrounding surfaces, often referred to as rotations mediated by
translational displacements, enables the characterization of a given matrix in terms of the
effective mean square displacement of the liquid molecules confined in the porous system
as well as the degree of order induced by these interactions [21–24].

In the present work, the main objective is to probe the water molecular dynamics
within the porous structure of asymmetric CA/SiO2 hybrid membranes over a wide range
of UF and NF permeation properties by 1H NMR relaxometry as a means to assess the
effect of the drying post-treatments on the membranes’ asymmetric structure modification.

2. Experimental Section

2.1. Membrane Preparation and Characterization

A series of flat asymmetric CA/SiO2 hybrid membranes were made in a laboratory
by coupling the wet phase inversion [25] with sol–gel techniques [26]. The synthesis
methodology is described by de Pinho et al. [13]. Membranes were made from casting
solutions containing 16.4 wt.% cellulose acetate (CA) polymer (≈30,000 average molecular
weight), supplied by Sigma-Aldrich (Steinheim, Germany), a SiO2 content equal to 5 wt.%,
and three different solvent system ratios of formamide (enhancing pore-forming agent)
and acetone. The acid catalysed hydrolysis of the SiO2 alkoxide sol–gel precursor was
promoted in situ by adding deionised water, tetraethyl orthosilicate (TEOS), supplied by
Sigma-Aldrich (Steinheim, Germany), and nitric acid to the polymer casting solution. All
chemicals were of reagent grade and 65% nitric acid was of technical grade. Membrane
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films were cast with the aid of a 250 μm calibrated doctor blade, followed by evaporation for
30 s before coagulation in an ice-cold deionised water bath. Table 1 shows the membranes’
casting solution compositions and film-casting conditions used in the preparation of three
membranes with distinct UF porous structures, labelled as CA/SiO2-22, CA/SiO2-30 and
CA/SiO2-34. In these membrane labels, the second field is represented by numbers 22,
30 and 34, which correspond to the formamide contents of 21.3%, 29% and 32.9% (wt.%),
respectively, in the casting solutions.

Table 1. Asymmetric CA/SiO2 hybrid membranes film casting solutions and casting conditions.

Casting Solution Composition (wt.%)

Membrane CA/SiO2-22 CA/SiO2-30 CA/SiO2-34

CA 16.4 16.4 16.4
Formamide 21.3 29.0 32.9

Acetone 58.8 51.1 47.2
TEOS (SiO2 precursor) 3.0 3.0 3.0

H2O 0.5 0.5 0.5
HNO3 4 drops (pH ≈ 2) 4 drops (pH ≈ 2) 4 drops (pH ≈ 2)

Casting Conditions

Temperature of casting solution (°C) 20–25
Temperature of casting atmosphere (°C) 20–25
Relative humidity of casting atmosphere (%) 40–50
Solvent evaporation time (min) 0.5
Gelation medium Ice-cold deionised water (2 h)

Following preparation, the asymmetric CA/SiO2 hybrid membranes were conditioned
in surfactant mixtures by a procedure adapted from Vos et al. [27]. This treatment was
carried out using aqueous solutions of non-ionic surface-active agents composed of glycerol,
supplied by PanReac (Darmstadt, Germany), and/or triton X-100, supplied by VWR (Briare,
France). In that regard, membrane films were immersed for 15 min in one of the following
solutions: (a) an aqueous solution of glycerol 20 vol.% (G20) or (b) an aqueous solution of
triton X-100 4 vol.% and glycerol 20 vol.% (GT). All chemicals used in the treatments were
of reagent grade and the conductivity of the deionised water was lower than 10 μS cm−1.
For NMR sample preparation, to access the water behavior within the membranes’ porous
matrices, the membrane films were immersed in deionised water for 48 h. Excess surface
water was gently removed before enclosing a roll of hydrated membrane film in a sealed
5 mm outer diameter NMR tube. The membranes are identified throughout this work by a
three-field code: the first code refers to the membrane hybrid matrix (CA/SiO2), followed
by a second field relative to the formamide content (in wt.%) in the casting solutions (of 22,
30 and 34), and the third corresponds to the drying membrane post-treatment of G20 or GT.

The membranes were characterised in terms of pure water hydraulic permeability (Lp)
and a molecular weight cut-off (MWCO) referring to the molecular weight of the solute
that is 95 % retained by the membrane. Details on the characterisation of the membranes
studied are described in da Silva et al. [15].

2.2. Methods
1H NMR Spectroscopy: The series of spectra obtained from the high resolution 1H

NMR relaxometry experiments performed at 7T was analyzed in order to extract the
number of Lorentzian components and their respective longitudinal relaxation rates and
signal contribution.

1H NMR Diffusometry: At controlled temperatures and using a probe head with
field gradient coils (Bruker Diff 30, Billerica, MA, USA) and a Bruker 7T superconductor
connected to a Bruker Avance III NMR console, it was possible to measure the self-diffusion
coefficient, D, of water molecules entrapped in the membrane matrix. The applied Pulsed
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Gradient Stimulated Echo (PGSE) sequence produces an attenuation of the signal intensity
for increasing magnetic field gradient strengths, expressed by Equation (1):

I = I0exp
{
−γ2

1Hg2Dδ3
(

Δ
δ
− 1

3

)}
, (1)

where γ1H is the proton gyromagnetic ratio, g is the gradient strength, δ is the length of the
gradient pulses and Δ is the delay between pulsed gradients. Expression (1) does not take
into account that water molecules are confined, which means that the obtained diffusion
coefficients can be viewed as having apparent values with an order of magnitude that
is well-estimated. More exact estimations of the diffusion coefficients would require the
development of robust models that take into account the experimental conditions, namely
magnetic field gradient pulse durations, which, as far as the authors know, were not yet
achieved. In the case of the studied systems, except for pure water, multi-exponential decays
were observed, which lead to the addition of the corresponding number of components to
Equation (1).

1H NMR Relaxometry: The longitudinal relaxation rate, R1, was measured across a
broad frequency range at controlled temperatures. For 1H Larmor frequencies ranging
between 10 kHz and 9 MHz, the measurements were made using a home-developed Fast
Field Cycling (FFC) relaxometer [28]. For the remaining frequencies, the conventional
inversion recovery technique was applied using the Bruker Avance II console paired with
a variable field iron-core Bruker BE-30 electromagnet (10–100 MHz) or with a Bruker
Widebore 7T superconductor magnet for the measurements at 300 MHz.

3. Results and Discussion

3.1. Membrane Characterization

Table 2 shows the hydraulic permeability, Lp , and molecular weight cut-off, MWCO,
of the asymmetric CA/SiO2 hybrid membranes.

Table 2. Characteristics of the asymmetric CA/SiO2 hybrid membranes [15].

Membrane
Hydraulic Permeability, Molecular Weight Cut-Off,

Lp (kg h−1 m−2 bar−1) MWCO (kDa)

CA/SiO2-22
G20 3.5 ± 0.2 4
GT 2.2 ± 0.2 3

CA/SiO2-30
G20 38 ± 2 14
GT 40 ± 3 29

CA/SiO2-34
G20 81 ± 4 35
GT 62 ± 4 21

As it can be observed by looking at the hydraulic permeabilities previously obtained
by de Pinho et al. [15] for the membrane systems studied in the present work, the CA/SiO2-
30 and CA/SiO2-34 membranes present marked ultrafiltration characteristics, whereas the
CA/SiO2-22 membrane has a hydraulic permeability tjhat is one order of magnitude lower,
thus standing within the border between nano- and ultrafiltration.

3.2. 1H NMR Spectroscopy

Generally, the results from relaxometry experiments are obtained by integrating over
the entire 1H NMR spectrum and fitting the varying amplitudes, proportional to the
magnetization along the fixed external magnetic field, to Equation (2). In Figure 1, the
model fitting results following spectral integration are exemplified.

Mz = M∞ + (M0 − M∞)e−τR1 (2)

In the case of the present work, the high resolution spectrum, obtained at a 7T external
magnetic field, was divided into the minimum number of Lorentzian components for
which it was possible to determine the longitudinal relaxation rate and the fraction of
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the population corresponding to each contribution. The obtained results are presented in
Appendix A.1.
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Figure 1. Sample curve showing the magnetization recovery for each inversion recovery delay, τ.

For the majority of the studied systems, two components are observed. In these cases,
the fraction of more confined water molecules, q, relates with the shortest relaxation time,
T1 = R−1

1 , which is highlighted in red in Figures A1–A3. For samples CA/SiO2-22 G20 and
CA/SiO2-34 G20, four and three contributions were, respectively, detected. In the case of
sample CA/SiO2-22 G20, one of the contributions was immediately disregarded in view of
the extremely small T1 (0.038 s), which would make it undetectable at lower frequencies.
The other contribution having the shortest longitudinal relaxation time represented a
very small percentage of the signal (3%), and it was, therefore, also not considered. For
the CA/SiO2-34 G20 system, we simply considered the contribution with the shortest
relaxation time to be that of water molecules in a more confined environment. The list of
more confined water population fraction is presented in Table 3.

Table 3. Considered fraction of more confined water molecules to apply in the 1H NMR
relaxometry analysis.

CA/SiO2-22 CA/SiO2-30 CA/SiO2-34

G20 GT G20 GT G20 GT

More confined population ratio, q 0.83 0.40 0.24 0.40 0.35 0.50

As it can be immediately concluded from the results presented in Table 3, the CA/SiO2-22
G20 membrane is dramatically different from CA/SiO2-30 G20 and CA/SiO2-34 G20
systems in terms of more confined population fraction or, in other words, the surface-
to-volume ratio is much larger for CA/SiO2-22 G20. This result is consistent with the
smaller pores observed for the CA/SiO2-22 membranes and the consequent lower hydraulic
permeability of this system (see Table 2). The post-treatment with triton X-100 (GT) appears
to have uniformized the confined population ratio for the three membrane compositions.

3.3. 1H NMR Diffusometry

Figure 2 shows the model fitting analyses made for each of the studied hydrated
membranes, and Table 4 presents the obtained diffusion coefficients. The model fitting
to the diffusometry and relaxometry data was performed using the open access online
platform at fitteia.org (accessed in 1 September 2022), fitteia®, which applies the non-linear
least squares minimization method with a global minimum target provided by the powerful
MINUIT numerical routine from the CERN library [29,30].
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Figure 2. Diffusometry model fitting results obtained for the G20 and GT versions of membranes
CA/SiO2-22—(a,b); CA/SiO2-30—(c,d); and CA/SiO2-34—(e,f)—membranes at 22 °C. The dashed-
red line represents the fast diffusion contribution, the dot-dashed-blue line represents the intermediate
diffusion contribution and the dot-dot-dashed-violet line represents the slow diffusion contribution.

As it can be observed, all hydrated membranes present at least two diffusion coeffi-
cients that can be associated with the water molecules experiencing different degrees of
confinement. For the CA/SiO2-30 (G20 and GT) and CA/SiO2-34 (G20 and GT) systems,
three diffusion components were observed. In all these cases, the third residual component
can only be observed in the logarithmic scale. In the case of CA/SiO2-22 (G20 and GT), the
slowest component is probably not observable due to its smaller value, which may fall out
of the measurable range for this technique.

Table 4. Diffusion coefficients obtained from the PGSE 1H NMR experiments performed at 25 °C.
The model fitting was performed considering by an uncertainty equal to 5% of the signal intensity for
each point.

Membrane D f ast (10−10 m2/s) Dint (10−11 m2/s) Dslow (10−11 m2/s)

CA/SiO2-22 G20 0.09 0.11
–GT 1.40 0.97

CA/SiO2-30 G20 6.50 9.50 0.38
GT 9.50 9.60 1.10

CA/SiO2-34 G20 5.50 10.0 2.20
GT 6.90 16.0 3.10

From Table 4, it is possible to conclude that the CA/SiO2-22 systems present much
smaller diffusion coefficients than the CA/SiO2-30 and CA/SiO2-34 systems, which is
expected in view of their smaller pores. Membranes CA/SiO2-30 and CA/SiO2-34 seem
to be harder to distinguish in terms of the diffusion coefficient, possibly because their
higher permeability increases the relative amount of less confined water. The slower
and intermediate diffusion coefficients, Dslow and Dint, respectively, seem to be smaller
for CA/SiO2-30 systems, which is consistent with the smaller pore sizes observed for
these membranes [15]. However, the faster diffusion component is larger for membranes
CA/SiO2-30 than for membranes CA/SiO2-34, which might be a consequence of a the pore
size distribution in membranes CA/SiO2-30 varying across a broader range of characteristic
lengths. The fact that previous SEM studies have shown a wide distribution of pore sizes in
these membranes makes it difficult to compare the 1H NMR diffusometry results obtained
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for membranes CA/SiO2-30 and CA/SiO2-34 [15]. Nevertheless, the CA/SiO2-22 systems
are markedly less permeable and lead to much smaller diffusion coefficients, rendering the
comparison between this and the CA/SiO2-30 and CA/SiO2-34 systems meaningful.

3.4. 1H NMR Relaxometry
3.4.1. Raw Data and Theoretical Models

In Figure 3, the 1H NMR relaxometry profiles obtained for the membranes studied
in the present work are obtained. In order to enable a comparison between the profiles of
membranes that were subject to a different drying process, the results previously obtained
by de Pinho et al. [16] for membranes dried using the solvent exchange procedure were
also added to the figure.
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Figure 3. NMRD profiles obtained for the CA/SiO2-22—(a); CA/SiO2-30—(b); and CA/SiO2-34—
(c)—membranes at 22 °C. (*) Data extracted from previous works by de Pinho et al. [16] related to
membranes dried using the solvent exchange procedure.

As it can be immediately concluded from the observation of the longitudinal relaxation
profiles displayed in Figure 3, for the systems studied in the present work (black circles—
G20—and blue squares—GT), the CA/SiO2-30 and CA/SiO2-34 membranes present rather
similar relaxometry profiles, while CA/SiO2-22 membranes presented significantly differ-
ent results.

It is also possible to see that post-treatment with triton X-100 leads to very small
differences for CA/SiO2-30 and CA/SiO2-34 membranes, while it produces a significant
R1 decrease across the lower frequency range in the case of membranes CA/SiO2-22.

Furthermore, comparing the results obtained in the present work with those related to
the solvent-exchange—(SE) dried membranes (red diamonds)—it is possible to observe
a significant difference for the CA/SiO2-34 membranes while the CA/SiO2-22 systems
seem almost insensitive to the drying process. This result may be explained by the fact that
membranes that are more permeable, such as CA/SiO2-34, are bound to be more impacted
by the drying process than systems with smaller pores. In fact, the hydraulic permeabilities
found for these systems, reported in previous studies, also show that the permeability
of the CA/SiO2-22 membrane is almost unaffected by post-treatment drying processes,
while permeabilities obtained for the CA/SiO2-30 and CA/SiO2-34 systems vary over a
wider range of values, especially when comparing the SE drying process to the G20 and GT
post-treatments [15].

The curves presented in Figure 3 representing the longitudinal relaxation rate, R1,
obtained at different magnetic fields (or 1H Larmor frequencies) and called NMR dispersion
(NMRD) curves encode information on the molecular dynamics of the systems under
analysis. In the present work, it was considered that the water entrapped in the membranes’
pores may relax as a result of rotational and translational diffusions and rotations mediated
by translational displacements, which are motivated by the interactions of water molecules
with the porous matrix. Furthermore, assuming that these mechanisms are effective at
different time scales and, thus, independent of one another, the total relaxation rate may be
written as the sum of the individual rates (Equation (3)):
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R1 = RRot
1 + (1 − q)RSD

1 + qRRMTD
1 , (3)

where q is the fraction of water molecules interacting with the pore walls, which was
determined with the analysis of the spectral components of the signals obtained at a 1H
Larmor frequency of 300 MHz:

• Rotational diffusion (Rot):
The model by Bloembergen, Purcell and Pound, better known as the BPP model, was
applied in order to describe rotations of water molecules in the membranes [31,32].
The contribution of this mechanism to the NMR dispersion curves of water 1H spins
is given by Equation (4).

RRot
1 = ARot

[
τRot

1 + ω2τ2
Rot

+
4τRot

1 + 4ω2τ2
Rot

]
. (4)

The prefactor ARot depends on the effective intramolecular distance between 1H
nuclear spins, re f f (1.58 Å in the case of the water molecule), via Expression (5), which
can easily be calculated for the water molecule:

ARot =
3
10

( μ0

4π

)2
γ4

I h̄2 1
r6

e f f
, (5)

with μ0 denoting the vacuum magnetic permeability (4π × 10−7 H/m), γI denoting
the magnetic ratio of the nucleus with spin I and h̄ = h/(2π) denoting the reduced
Planck constant (1.0545718 × 10−34 m2Kg/s). Given that Arot can be estimated and
fixed, the only parameter in Equation (4) that needs to be determined via the model-
fitting analysis is the rotational correlation time, τRot.

• Translational Diffusion (SD):
Self-diffusion of water molecules may be accounted for using the Torrey model [33,34].
Torrey assumed that molecules have equal probabilities of jumping in any direction
from an initial state into another, reaching a random jump-like solution. The associated
longitudinal relaxation rate frequency dependence is described by Equation (6).

RSD
1 =

3
2

( μ0

4π

)2
γ4

I h̄2 I(I + 1)
[

j(1)(ω, τD, d, r, n) + j(2)(2ω, τD, d, r, n)
]
. (6)

Parameter n is the 1H spin density, and d is the average intermolecular interspin
distance. τD, the translational diffusion correlation time, < r2 >, the mean square
jump distance, and the diffusion coefficient, D, are related by the following equation.

< r2 >= 6τDD. (7)

The functions j(i)(ω, τD, d, r, and n) are the spectral density functions described in
references [33,34].

• Rotations mediated by translational displacements (RMTD):
The water motion in the confined system gives rise to a relaxation mechanism associ-
ated with rotations mediated by translational displacements. This model describes the
movement of water molecules near the pores’ walls and, therefore, is related to the
interaction of those molecules with the membranes’ surfaces. The contribution of this
model to the longitudinal relaxation rate is given by [35,36] the following:
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RRMTD
1 =

ARMTD
νp G(ν, νmax, νmin)

= ARMTD

[
f
( νmax

ν

)− f
( νmin

ν

)
νp + 4

f
( νmax

2ν

)− f
( νmax

2ν

)
2νp

]
,

(8)

where

f (x) =
1
π

[
arctan(

√
2x + 1) + arctan(

√
2x − 1)− arctan

( √
2x

x + 1

)]
(9)

This contribution exhibits one high cut-off frequency, νmax, and one low cut-off fre-
quency, νmax, which are, respectively, associated with the largest and smallest possible
translational relaxation modes and, therefore, to the smallest and largest possible
average displacements, respectively: ν−1

max = l2
minπ/2D and ν−1

min = l2
maxπ/2D, where

D is the diffusion coefficient and l is the average displacement. Exponent p can vary
between 0.5 and 1, where p = 0.5 corresponds to a situation where there is an isotropic
distribution of coupled rotations and self-diffusion motions along the pore/channel’s
surfaces, while for p = 1, there is a preferential orientation of the rotations/translations
relaxation modes along the constraining surfaces. The parameter ARMTD is inversely
proportional to the square root of the diffusion coefficient and to the range of wave
numbers related to the motional modes induced by the surface, Δq. This parameter
is proportional to the square of the fraction of molecules interacting with the surface
and to the square of the order parameter, representing the long time limit residual
correlation of restricted tumbling.

3.4.2. Model Fitting

In Figures 4 and 5, the model fitting results produced by the Master module of the
online platform fitteia® [37] are presented. Figure 4 show the results obtained for pure
water and the CA/SiO2-22 G20 and GT-hydrated membranes. The model fitting analysis
of CA/SiO2-30 and CA/SiO2-34 systems is presented in Figure 5. The model fitting
parameters resulting from the NMRD curves analysis are summarized in Table 5.

Figure 4. NMRD profiles and model fitting results obtained for the pure water—(a); CA/SiO2-
22 G20—(b); and CA/SiO2-22 GT—(c)—membranes. The dot-dashed-brown lines represents the
RMTD contribution, the dashed-red-line represents the self-diffusion contributions and the dot-dot-
dashed-blue line represents the rotations/reorientations contribution to the longitudinal relaxation
rate profiles.
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Figure 5. NMRD profiles and model fitting results obtained for systems CA/SiO2-30 G20 and GT—(a);
and CA/SiO2-34 G20 and GT—(b). The dot-dashed-brown lines represents the RMTD contribution,
the dashed-red-line represents the self-diffusion contributions and the dot-dot-dashed-blue line
represents the rotations/reorientations contribution to the longitudinal relaxation rate profiles.

Table 5. Parameters obtained from the NMRD model fitting analysis made on the studied membranes.
The model fitting was performed considering an uncertainty of the relaxation rate equal to 10% of
its value. The 1H spin density, n, needed for the Torrey model for translational self-diffusion was
fixed to the calculated value of 6.69 × 1028 1H nuclear spins per cubic meter. Parameters DSD and
DRMTD were fixed to the Df ast and Dint diffusion coefficients presented in Table 4, respectively. In
the case of pure water, the diffusion coefficient was fixed to that presented in Figure 4. The fraction q,
representing the more confined water, was also not a free parameters, and its value was set to that
presented in Table 3 for each studied hydrated membrane. Parameter Arot was also calculated and
fixed as explained in the rotations model section.

Parameters
CA/SiO2-22 CA/SiO2-30 CA/SiO2-34

H2O
G20 GT G20 GT G20 GT

ARot(1010 s−2) 1.08 1.08 1.08 1.08

τRot(10−12 s) 13 5 6 6 5

DSD(10−10 m2/s) 0.09 1.40 6.50 9.50 5.50 6.90 21

r(Å) 3.0 3.0 3.0 3.0

d(Å) 2.7 2.7 2.7 2.7

q 0.83 0.40 0.24 0.40 0.35 0.50 –

DRMTD(10−11 m2/s) 0.11 0.97 9.50 9.60 10.0 16.0 –

ARMTD(103 s−(1+p)) 27 18 5.8 3.7 3.8 2.9 –

lmax(10−9 m) 5.3 5.3 13 12 10 16 –

p 0.56 0.51 0.50 0.50 –

The model proposed in this work and the combination of 1H NMR relaxometry and
diffusometry experimental techniques allowed for a consistent analysis of all the studied
hydrated membranes, as it can be concluded by the good quality of the fits.

In Figure 4, it is possible to observe the striking NMRD profile difference when
comparing pure water with confined water. Water molecules entrapped in the matrix have
the additional RMTD relaxation pathway, which significantly increases the longitudinal
relaxation rate. Moreover, confined water presented diffusion coefficients that are up to
three orders of magnitude smaller than that measured for free water (see inserted image in
Figure 4a and Table 5).

The parameter q was fixed to the value obtained from the analysis of the spectral
components. DSD and DRMTD were set equal to the value of Df ast and Dint obtained from
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the diffusometry analysis and presented in Table 4, respectively. DSD corresponds to a less
confined fraction of water that does not interact directly with the matrix, while DRMTD
corresponds to a more confined fraction of water that relaxes as a result of interactions with
the surface.

Despite the apparent similarities between the relaxometry profiles obtained for the G20
and GT versions of membranes CA/SiO2-30 and CA/SiO2-34, the model-fitting analysis
evidences a decrease in the self-diffusion relaxation rate contribution for the membranes
that were post-treated with triton X-100 (compare the dashed red line of the sub figures
with that of the respective inserted image in Figure 5). This contribution decrease is more
significant for the CA/SiO2-22 membranes, as observed in Figure 4. This observation is
consistent with triton X-100 increasing the hydrophobicity of the cellulose acetate matrix,
making the water less bound to it and leading to higher diffusion coefficients (see DSD and
DRMTD in Table 5 or, respectively, Df ast and Dint in Table 4). The fact that this increase is
more significant for the CA/SiO2-22 hydrated membranes may be explained by the fact
that smaller pore sizes relate to a larger ratio of water/surface interactions.Furthermore,
the increased hydrophobicity suggested from this model-fitting analysis might explain
the uniformization of the bound water fraction, q, found for the GT porous membranes
(see Table 3).

This analysis enabled the estimation of the characteristic pore size given by the param-
eter lmax, that, on average, induces more effective 1H NMR relaxation through rotations
mediated by translational displacements. As it can be observed, the additional treat-
ment with triton X-100 does not significantly affect this dimension, except in the case of
CA/SiO2-34 systems. Combining the previously described increased hydrophobicity with
the fact that this membrane is the most permeable, it is possible that the signal from more
bound water molecules is masked by the signal of unbound water, leading to an apparently
larger characteristic dimension.

Regarding the fact that ARMTD is inversely proportional to the square root of the
diffusion coefficient, the values obtained for this parameter seem to be consistent for all
the samples and further support the increased hydrophobicity conferred upon treating the
matrix with triton X-100 (GT).

Parameter p shows that there is an isotropic distribution of coupled rotations and
self-diffusion motions along the matrix’ pores for all systems, except for the CA/SiO2-22
pair, where some degree of anisotropy is detected. The fact that CA/SiO2-22 membranes
have smaller pores is expected to increase the degree of confinement, thus evidencing
water-ordering induced by the surface.

4. Conclusions

In this study, 1H NMR spectroscopy, diffusometry and relaxometry were successfully
combined in order to consistently analyze three pairs of hydrated ultrafiltration/nanofiltration
asymmetric cellulose acetate–silica membranes. Each CA/SiO2-22, CA/SiO2-30 and CA/SiO2-
34 pair of membranes was composed of one membrane in which the post-treatment involved
an aqueous solution of glycerol with 4 vol.% of triton X-100 (GT) and another where triton
was not involved in the post- treatment (G20).

The results seem to be consistent with the post-treatment with triton X-100 render-
ing the matrix surfaces more hydrophobic and increasing the self-diffusion coefficients
obtained for water molecules in different confinement environments. This impact is more
significant when the characteristic pore sizes are smaller given the increased probability of
water/matrix interactions.

Comparing the results obtained in the present work with those related to membranes
dried using the solvent-exchange procedure, presented in previous studies, it becomes clear
that the drying process has a much less pronounced impact on the cellulose acetate–silica
matrix when the pores are characterized by smaller dimensions.

The surface-bound water population variation observed between the CA/SiO2-22
G20 and the two analogous membrane systems is in line not only with the diffusion
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coefficients obtained in the present work but also with the hydraulic permeabilities reported
in previous studies.

On the whole, this work evidences the advantage of combining complementary ex-
perimental techniques with a relatively simple relaxation model to study and differentiate
between ultrafiltration/nanofiltration porous media and track their sensitivity to different
post-treatments/drying processes.
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Appendix A

Appendix A.1. 1H NMR Spectra Obtained from the Relaxometry Experiments Performed at 7T

Figure A1. 1H NMR spectroscopy analysis of the inversion recovery experimental spectra for
membranes CA/SiO2-22 G20 (a) and GT (b).
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Figure A2. 1H NMR spectroscopy analysis of the inversion recovery experimental spectra for
membranes CA/SiO2-30 G20 (a) and GT (b).
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Figure A3. 1H NMR spectroscopy analysis of the inversion recovery experimental spectra for
membranes CA/SiO2-34 G20 (a) and GT (b).
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Abstract: Humic acid (HA) is a major natural organic pollutant widely coexisting with calcium ions
(Ca2+) in natural water and wastewater bodies, and the coagulation–ultrafiltration process is the most
typical solution for surface water treatment. However, little is known about the influences of Ca2+

on HA fouling in the ultrafiltration process. This study explored the roles of Ca2+ addition in HA
fouling and the potential of Ca2+ addition for fouling mitigation in the coagulation-ultrafiltration
process. It was found that the filtration flux of HA solution rose when Ca2+ concentration increased
from 0 to 5.0 mM, corresponding to the reduction of the hydraulic filtration resistance. However, the
proportion and contribution of each resistance component in the total hydraulic filtration resistance
have different variation trends with Ca2+ concentration. An increase in Ca2+ addition (0 to 5.0 mM)
weakened the role of internal blocking resistance (9.02% to 4.81%) and concentration polarization
resistance (50.73% to 32.17%) in the total hydraulic resistance but enhanced membrane surface deposit
resistance (33.93% to 44.32%). A series of characterizations and thermodynamic analyses consistently
suggest that the enlarged particle size caused by the Ca2+ bridging effect was the main reason for
the decreased filtration resistance of the HA solution. This work revealed the impacts of Ca2+ on
HA fouling and demonstrated the feasibility to mitigate fouling by adding Ca2+ in the ultrafiltration
process to treat HA pollutants.

Keywords: membrane fouling; humic acid; calcium ion; hydraulic resistance; ultrafiltration process

1. Introduction

Due to its high efficiency in removing various pollutants, the ultrafiltration process
has been widely applied to treat wastewater and surface water [1–3]. Nevertheless, the
existence of natural organic matter (NOM) in natural water and wastewater bodies would
cause serious membrane fouling and thus hinder the promotion of application of low-
pressure membranes such as ultrafiltration membrane [4–9]. It is generally accepted that
coagulation and flocculation can serve as a pretreatment step for ultrafiltration process
as it can cluster foulant particles and absorb NOM, and therefore simultaneously reduce
membrane fouling and improve NOM rejection [10–12].

NOM is a mixture of organic compounds that come from nature and composed of var-
ious substances such as humic acid (HA), protein, and polysaccharides [1,13–15]. Among
them, HA is considered one of the most important categories that contribute to membrane
fouling. It is ubiquitous in aquatic ecosystems, and the concentration distribution range
varies from a few mg/L of dissolved organic carbon (DOC) to more than a few hundred
mg/L DOC [16–19]. Extensive studies have reported the significant contribution of HA to
membrane fouling [20–23]. Unlike protein and polysaccharides, HA has a relatively small
molecular weight [20]. Therefore, it cannot be completely removed by the ultrafiltration
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process and also would cause more severe irreversible membrane fouling [24]. Previous
literature has reported that coagulation is an effective pretreatment approach to mitigate
membrane fouling caused by HA [21]. Nevertheless, the external addition of flocculant
apparently would increase the maintenance cost. Therefore, a promising and cost-effective
strategy is to make full use of the flocculating substances coexisting with HA in natural
water and wastewater.

Since HA bears lots of functional groups (such as hydroxylm, ethoxy, and carboxyl)
and binding sites, calcium ions (Ca2+) might be an excellent natural flocculant [25]. Ca2+

is a common metal ion in surface water and its concentration in municipal wastewater is
reported to be in the range of 0.5–3 mM [26]. As a divalent cation, Ca2+ has a bridging
effect and can promote biological flocculation in sewage, which is bound up with mem-
brane fouling. Some studies have explored the roles of Ca2+ in the membrane fouling
performance of HA in different membrane filtration processes [27–31]. A consistent result
of the enhanced HA fouling caused by Ca2+ addition has been reported in the filtration
processes of anion exchange, nanofiltration, and forward osmosis [29,32,33]. However,
unlike the filtration processes mentioned above, the studies regarding the effects of Ca2+

on HA in the ultrafiltration process obtained contradictory results. Lin et al. [34] pointed
out that the membrane fouling was improved due to the increased Ca2+ concentration.
Wang et al. [31] pointed out that Ca2+ has a more effective capacity in ultrafiltration fouling
intensification than Mg2+. Nevertheless, Li et al. [35] found that Ca2+ can promote the
formation of reversible fouling and thus can achieve a higher removal efficiency of HA.
The inconsistent results suggest that the effects of Ca2+ on membrane fouling are complex
and require further study.

The causes of the inconsistent results in the previous studies may lie in several aspects.
First, the effects of Ca2+ on HA-induced membrane fouling depend on the membrane
material. However, the materials of the ultrafiltration membrane applied in the literature
differed in different studies. In addition, previous studies evaluated the HA–Ca2+ fouling
through a single or whole filtration resistance variation. For example, Lin et al. [34]
investigated the effects of Ca2+ on HA fouling for the polyvinylchloride (PVC) membrane
through the interfacial interaction energy change. Chang et al. [36] mainly focused on
the HA–Ca2+ effects in hydraulically irreversible fouling. Previous studies did not well
distinguish the different filtration resistance components. Furthermore, the effects of
specific Ca2+ concentration on HA fouling depend on the HA concentration. In fact,
studies were seldom with regard to the HA–Ca2+ fouling of polyvinylidene fluoride (PVDF)
ultrafiltration membrane [37]. However, PVDF is one of the most widely used membrane
materials in wastewater treatment [38,39]. Therefore, more studies are of great significance
for HA fouling control in the PVDF ultrafiltration process.

Therefore, a simplified model of the separation membrane that functions in the cross-
flow filtration mode was adopted. The effects of Ca2+ on HA fouling were evaluated
through different hydraulic resistance components including concentration polarization,
deposit, internal, and membrane fouling. The properties of the HA–Ca2+ complexes were
analyzed by using a series of characterization methods. Finally, thermodynamic interaction
theory was used to analyze the possible mechanisms.

2. Materials and Methods

2.1. Sample Preparation

All the reagents and chemicals applied in the current study were purchased from
Sinopharm Chemical Reagent Co., Ltd. The experimental sample was prepared according
to the following steps. First, 1 g of HA was dissolved in 1000 mL of NaOH (pH = 13)
and continuously stirred for 24 h to make sure the complete dissolution of HA. Next,
the pH of the stock solution was adjusted to 7.0 by using 1 mol/L HCl solution and
then stored at room temperature. In the current work, a HA concentration of 100 mg/L
was adopted to simulate the HA content in natural water, and the working solution
was prepared by diluting the stock solution with deionized water. A specific volume of
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the stock CaCl2 solution was added during the dilution process to obtain the set Ca2+

concentration. It should be noted that the selected HA concentration (100 mg/L) is higher
than that in the natural water body in order to facilitate the formation of membrane
fouling. Similar concentration levels were typically used for lab-scale studies in the previous
literature [40,41].

2.2. Filtration Resistance Tests

A lab-scale cross-flow filtration system (customized by Hangzhou Jiuling Technology
Co., Ltd., Hangzhou, China) was applied for filtration resistance tests, and all the tests were
conducted at room temperature with an operating pressure of 2 bar. The membrane utilized
in this study was made of PVDF material (Shanghai SINAP Co., Ltd., Shanghai, China),
and the effective membrane surface area was 25 cm2. The membrane was characterized as
having a 0.1 μm pore size with a 140 kDa molecular weight cutoff (MWCO).

The filtration resistance was determined according to the Darcy–Poiseuille equation
described as follows [42]:

J f =
1

Rm + Re + Rp + Ri

ΔP
ηwater

(1)

where Jf is the filtration flux; Rm, Re, Rp, and Ri are the membrane filtration resistance,
membrane surface deposit resistance, concentration polarization resistance, and internal
blocking resistance, respectively; ΔP is the transmembrane pressure; and ηwater is the
dynamic viscosity of water. In the Poiseuille equation, the viscosity of the filtrate is
equivalent to that of water.

The membrane filtration resistances were tested by filtering deionized water through
the virgin membranes. Before the tests, the membranes were pre-compressed under 5 bar
for at least 1 h to obtain a steady pure water flux. For each membrane, at least 3 tests were
conducted to obtain an average value. The values of the membrane filtration resistance
were calculated according to Equation (2):

Rm =
1
J f

ΔP
ηwater

(2)

By filtering the HA suspension, the total filtration resistances were estimated by
Equation (3):

RT =
1
J f

ΔP
ηwater

= Rm + Re + Rp + Ri (3)

After the filtration of the HA suspension, the membranes were rinsed with deionized
water three times to eliminate all traces of the solution, especially the concentration po-
larization layer. Thereafter, deionized water was filtered through the rinsed membrane to
obtain resistance R1, which is the sum of Rm, Re, and Ri:

R1 = Rm + Re + Ri (4)

Afterward, the deposit formed on the membrane surface was removed by a sponge
followed by ultrasonic wave treatment. R2, the sum of Rm and Ri, was then obtained by
filtration of deionized water through the cleaned membrane:

R2 = Rm + Ri (5)

Based on Equations (2)–(5), the values of Rp, Re, and Ri were estimated by Equations (6)–(8):

Rp = RT − R1 (6)

Re = R1 − R2 (7)
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Ri = RT − Rm − Re − Rp (8)

2.3. Analytical Methods

The functional groups of the samples were determined by a Fourier transform in-
frared spectrometer (FTIR, NEXUS 670, Waltham, MA, USA). The wavenumber range was
4000–500 cm−1. The particle size distribution (PSD) of the HA suspensions with different
Ca2+ concentrations was measured by a particle size analyzer (Mastersizer 3000, Malvern,
UK). Triplicate measurements were conducted for each sample. The total organic carbon
(TOC) content of the HA solution was determined by a TOC analyzer (Liqui TOCII, Ele-
mentar, Hanau, Germany). The contact angle of the PVDF membrane and HA samples was
determined by a contact angle meter (Kino Industry Co., Ltd., Boston, MA, USA), and the
operation was similar to the previous reports. Zeta potential of the HA solutions and mem-
brane surface was measured by a Malvern Zetasizer Nano ZS and a zeta 90 Plus instrument,
respectively. Details regarding the operations of the abovementioned characterization can
be found in the previous publications [43–48].

2.4. Extended Derjaguin–Landau–Verwey–Overbeek (XDLVO) Theory

It has been reported that the short-ranged thermodynamic interactions between
foulants and membrane surface play a key role in the adhesion of different foulants on the
membrane. The thermodynamic interactions can be divided into three parts according to
the XDLVO theory [49–51], which are van der Waals (LW), acid–base (AB), and electrostatic
double-layer (EL) interaction energies. The strength of these energies at separation dis-
tance (h) (ΔGLW(h), ΔGEL(h), and ΔGAB(h)) (mJ·m−2) can be quantified by the following
equations [52,53]:

ΔGLW(h) = ΔGLW
h0

h2
0

h2 (9)

ΔGEL(h) = εrε0κζ1ζ3

(
ζ2

1ζ2
3

2ζ1ζ3
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1
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)
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ΔGAB(h) = ΔGAB
h0

exp
(

h0 − h
λ

)
(11)

where h and h0 are the separation distance (nm) and minimum separation distance (nm)
between two entities, respectively; εrε0 is the solution dielectric constant (C·V−1·m−1); κ, ζ,
and λ represent the reciprocal of the Debye length (nm−1), surface zeta potential (mV), and
the attenuation of AB interaction (usually assigned as 0.6), respectively; the subscripts 1, 2,
and 3 mean the membrane, pure water, and foulant, respectively; ΔGLW

h0
, ΔGAB

h0
, and ΔGEL

h0

are the interaction energies at a separation distance of h0 (mJ·m−2), which can be quantified
by Equations (12)–(14), respectively:
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The values of γLW , γ+, and γ− (mJ·m−2) were determined by solving a Young’s
equation group [54]:
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where the subscripts l and s denote the probe liquid and solid surface, respectively.

3. Results

3.1. Impacts of Ca2+ Concentration on Filtration Behaviors of HA

Figure 1 shows the membrane filtration flux after different operational steps under
different Ca2+ concentrations. As displayed in Figure 1, the permeation flux significantly
decreases after the filtration of HA suspensions. The flux is only 6.3%, 9.6%, and 18.8%
of the virgin membrane for the HA containing Ca2+ concentrations of 0, 1.5, and 5.0 mM,
respectively. After the cleaning processes of rinsing, deposit removal, and ultrasonic
wave treatment, the permeation flux recovers to 41.1%, 59.1%, and 79.5% of the virgin
membrane for the HA containing Ca2+ concentrations of 0, 1.5, and 5.0 mM, respectively.
All in all, the addition of Ca2+ leads to a less flux drop as compared with the pure HA.
In addition, a higher Ca2+ addition corresponds to a higher permeation flux and lower
internal blocking resistance (Ri). As shown in Figure 1, the flux decline results from four
hydraulic resistances; the effects of Ca2+ on HA fouling should be further ascertained and
analyzed in each hydraulic resistance.

J
J

Rm Rm Re Rp Ri Rm Re Ri Rm Ri

Figure 1. Comparison of membrane filtration flux after different operational steps under different
Ca2+ concentrations (ΔP = 2 bar).

Figure 2 shows the filtration resistance distribution of HA under different Ca2+ concen-
trations. As displayed in Figure 2, the virgin membrane resistance (Rm) is comparable while
the values of the other three filtration resistances (Re, Rp, and Ri) decrease with the increased
Ca2+ content. It indicates that the addition of Ca2+ can improve the anti-fouling property
of HA, and the increase in the Ca2+ concentration can enhance this effect. However, unlike
the absolute value of the hydraulic resistance, the proportion and contribution of each
resistance component in the total hydraulic resistance have different variation trends. The
proportion of Rm increases due to the significant reduction of total filtration resistance
after the addition of Ca2+ into the HA solution. Among the other three resistances, the
proportion of Ri is the smallest, and it decreases with the Ca2+ concentration (the proportion
of Ri is 9.02%, 6.57%, and 4.81% for Ca2+ concentrations of 0, 1.5, and 5.0 mM, respectively).
Similarly, the ratio of Rp to the total filtration resistance decreases with the increase in the
Ca2+ content, which is 50.73%, 40.49%, and 32.17%, respectively. On the contrary, the pro-
portion of Re increases with the Ca2+ concentration, which is 33.93%, 43.48%, and 44.32%,
respectively. The above results indicate that an increase in Ca2+ addition weakens the role
of Ri (internal blocking resistance) and Rp (concentration polarization resistance) in the total
hydraulic resistance but enhances that of Re (membrane surface deposit resistance). This
result is not completely consistent with previous studies, and further research is required
to explore the underlying mechanisms.
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R

Rm Ri Re Rp

Figure 2. Influence of Ca2+ concentration on experimental hydraulic resistances (Rp, Re, Ri, Rm) of
HA (ΔP = 2 bar).

3.2. Characterization of HA under Different Ca2+ Concentrations
3.2.1. FT-IR Spectra Analysis

Figure 3 shows the FTIR spectra of HA samples with different Ca2+ concentrations.
The broad band around 3300 cm−1 represents the O–H stretching vibration of phenolic
compounds, and the adsorption peak at 1550 cm−1 can be assigned to aromatic C=C stretch-
ing and C=O stretching [55,56]. The peak around 1390 cm−1 represents the symmetrical
stretching vibration of -COO- related to carboxylate. The vibrational frequency in the range
of 650–900 cm−1 is usually considered aromatic C–H out of plane bending [57]. Obviously,
the peak of the HA solution here is stronger than that of other cases, suggesting that the
structure of HA has been changed to some extent after the addition of Ca2+. However, FTIR
is a qualitative characterization method, and the different peak intensities cannot strongly
support the different filtration resistances shown in Figures 1 and 2. Therefore, the different
filtration performances should be ascribed to other causes.

Figure 3. FTIR spectra of HA samples with different Ca2+ concentrations.

3.2.2. Particle Size Distribution (PSD) and TOC Removal Measurements

Figure 4 shows the PSD of HA samples containing different Ca2+ concentrations. As
displayed in Figure 4, the pure HA solution exerts a single peak shape, and the mean size
of HA flocs is about 3.31 μm. After adding 1.5 mM Ca2+, the floc size of the HA suspension
exhibits a double peak shape. The distribution of HA flocs in the ranges of 0–50 μm and
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50–500 μm significantly decreases and increases, respectively. As a result, the mean size of
HA flocs increases to 76.04 μm. After a further increase in Ca2+ concentration to 5.0 mM, the
distribution of HA flocs in the ranges of 0–10, 70–105, and 300–500 μm increases, whereas
that in the ranges of 10–70 and 105–300 μm decreases. This phenomenon suggests that
the increased Ca2+ concentration has two different effects on HA. First, the electrostatic
shielding effect leads to the compression of some negatively charged HA molecules, which
leads to the reduction of some HA flocs. On the other hand, the bridging effect of Ca2+

results in the extension of HA molecular chains, which causes an increase in the particle
size. Since the mean floc size of HA at the Ca2+ concentration of 5.0 mM increases to
107.28 μm, it can be concluded that the bridging effect of Ca2+ on HA should be much
stronger than the electrostatic effect, and thus results in the formation of larger HA flocs.

Figure 4. PSD of HA solution with different Ca2+ concentrations.

The enlarged particle size under the addition of Ca2+ is further supported by the
optical image (Figure 5) and TOC removal (Figure 6). As shown in Figure 5, after 24 h of
natural standing, the HA solutions with different Ca2+ concentrations display different
sedimentation properties. When the Ca2+ concentration is 1.5 mM, the color of the upper
layer of the mixed solution is lighter than that of the pure HA solution, although no
obvious sedimentation can be seen at the bottom due to the dark color of the HA itself.
Nevertheless, when the Ca2+ concentration increases to 5.0 mM, it can be seen that there is
obvious sedimentation at the bottom of the beaker, and the upper layer solution becomes
clearer. High sedimentation corresponds to a larger particle size. The observed phenomena
further prove that the size of HA flocs increases with the increased Ca2+ concentration.
Due to the enhanced sedimentary property, the TOC content in the supernatant before and
after filtration significantly drops correspondingly after the addition of Ca2+ (Figure 6).
In addition, the TOC removal efficiency after filtration also significantly increases from
44.5% (pure HA) to 78.4% (HA + 1.5 mM Ca2+) and 74.1% (HA + 5.0 mM Ca2+). It indicates
that although the addition of Ca2+ is beneficial to the removal of TOC in pure HA, the
addition of higher concentrations of Ca2+ cannot further increase the removal of TOC in
the ultrafiltration membrane filtrate. In short, the above results consistently suggest that
the bridging effect of Ca2+ can increase the particle size of HA. It is widely accepted that a
larger particle size generally corresponds to a lower membrane fouling potential [58–60],
which is well-consistent with the filtration resistance change. Therefore, the floc size change
caused by Ca2+ addition is considered the main reason for the different filtration resistance
of HA.
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Figure 5. Optical images of HA solutions prepared after 24 h natural sedimentation with Ca2+

concentration of (a) 0 mM, (b) 1.5 mM, and (c) 5.0 mM (HA concentration = 100 mg/L).

Figure 6. TOC content and removal efficiency of HA with different Ca2+ concentrations.

3.3. Thermodynamic Mechanism of HA Fouling Behavior

The adhesion of foulants on the membrane surface is an important process for mem-
brane fouling formation. The XDLVO theory, which has been widely used for the quan-
titative calculation of the interaction energy between two surfaces, was used to evaluate
the adhesion ability of HA with different Ca2+ concentrations. The surface contact angle
and zeta potential of the PVDF membrane and HA layers with different Ca2+ concentra-
tions are listed in Table 1. Based on these data, the interaction energies with separation
distance were calculated, and the results are shown in Figure 7. It can be seen that the AB
interaction accounts for the vast majority of the total energy for all the scenarios, and thus
predominantly manipulates the fouling process. Since the AB interaction energy is positive
in all three scenarios, the total interaction energy is always positive regardless of the Ca2+

concentration. It indicates that HA particles are difficult to adhere to the membrane sur-
face [61], which well supports the proportion of membrane surface deposit resistance (Re)
in Figure 2 (generally more than 80% while only 33.93–44.32% in this work). In addition,
the interaction energy intensity of the HA with Ca2+ is always higher than that of the pure
HA, suggesting the improved anti-adhesion property of HA by Ca2+ addition.
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Table 1. Surface characteristics in terms of contact angle of three probe liquids and zeta potential of
the PVDF membrane and HA solutions with different Ca2+ concentration.

Materials
Contact Angle (◦) Zeta Potential

(mV)Water Glycerol Diiodomethane

PVDF membrane 62.16 ± 0.10 57.22 ± 1.47 23.15 ± 0.82 −25.21 ± 2.46
HA 48.93 ± 0.28 70.99 ± 0.99 34.36 ± 0.51 −26.67 ± 0.50

HA + 1.5 mM Ca2+ 42.36 ± 0.47 74.25 ± 0.18 41.36 ± 0.10 −22.87 ± 0.50
HA + 5.0 mM Ca2+ 41.75 ± 0.12 73.64 ± 0.31 38.61 ± 0.08 −19.03 ± 0.60

Figure 7. Profiles of interfacial interaction energies between PVDF membrane and HA with different
Ca2+ concentrations (a) 0 mM, (b) 1.5 mM, and (c) 5.0 mM.

Although the interaction energy between the membrane and HA is repulsive, mem-
brane fouling is unavoidable due to the external drag force. Figure 8 shows the schematic
diagram of the hydraulic resistance variation of HA with Ca2+ addition in cross-flow filtra-
tion. As shown in Figure 8, small-sized HA particles are dramatically reduced due to the
Ca2+ bridging effect, which leads to a significant reduction in internal blocking resistance
(Ri). Moreover, the enlarged floc size not only can prevent the adhesion and accumulation
of HA on the membrane surface but also lead to the loose structure of the foulant layer. As
a result, concentration polarization resistance (Rp) decreases. Since the absolute value of Ri
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and Rp decreased more with Ca2+, the proportion and contribution of membrane surface
deposit resistance (Re) in the total filtration resistance correspondingly increased.

Figure 8. Schematic diagram of hydraulic resistance variation of HA with Ca2+ addition in
cross-flow filtration.

It should be noted that the result obtained in the current work is not completely
consistent with previous studies. The underlying reasons are located in several aspects.
The first reason can be attributed to the membrane material. For example, the variation of
membrane hydrophilicity and hydrophobicity through membrane modification may lead
to dramatic changes in fouling trends. The second reason can be ascribed to the evaluation
scope (a single or whole filtration resistance variation). For instance, Lin et al. [34] evaluated
the effects of Ca2+ on HA fouling only through the interfacial interaction energy change.
Chang et al. [36] mainly focused on the HA–Ca2+ effects in hydraulically irreversible
fouling. The last reason can locate in HA concentration because the effects of specific Ca2+

concentration on HA fouling are dependent on the HA concentration. In this study, the
SFR of HA decreased with the increase in Ca2+ concentration, which is inconsistent with
the result (the membrane fouling firstly increased and then decreased with increasing Ca2+

concentration) observed by Miao et al. [37]. It is mainly attributed to the different HA
concentrations applied. The HA concentration in this study was 100 mg/L, which was one-
tenth that of Miao et al. (1 g/L) [37]. The Ca2+ concentrations selected in the current work
exceeded the critical concentration, and, thus, only a monotonically decreasing variation
trend was observed. As HA and Ca2+ concentration in the natural water bodies is in the
range of 0.02−30 mg/L and 0.5–3 mM, respectively [26], the coexistence of HA and Ca2+ in
natural water and wastewater generally can achieve a membrane mitigation effect.

4. Conclusions

In the current work, the effects of Ca2+ on HA fouling were evaluated with the Darcy–
Poiseuille model through four different hydraulic resistance components. The results show
that the increase in Ca2+ concentration improved the filtration flux and reduced the absolute
value of each hydraulic resistance. Unlike the absolute value of the hydraulic resistance, the
proportion and contribution of each resistance component in the total hydraulic resistance
have different variation trends with the Ca2+ concentration. An increase in Ca2+ addition
(0 to 5.0 mM) weakened the role of internal blocking resistance (Ri, 9.02% to 4.81%) and
concentration polarization resistance (Rp, 50.73% to 32.17%) in the total hydraulic resistance
but enhanced that of the membrane surface deposit resistance (Re, 33.93% to 44.32%).
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A series of characterizations consistently suggest that the enlarged particle size caused
by Ca2+ addition was the main reason for the different filtration resistance of HA. The
calculation results with the XDLVO theory further reveal that the anti-adhesion property of
HA was improved due to the bridging effect of Ca2+. This work revealed the impacts of
Ca2+ on HA fouling in the PVDF ultrafiltration membrane and the underlying causes and
demonstrated the feasibility to mitigate HA fouling in the PVDF ultrafiltration membrane
by adding Ca2+.
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Abstract: Due to the lack of studies addressing the influence of real food matrices on integrated
organophilic pervaporation/fractionated condensation processes, the present work analyses the
impact of the real matrix of sardine cooking wastewaters on the fractionation of aromas. In a
previous study, a thermodynamic/material balance model was developed to describe the integrated
pervaporation—a fractionated condensation process of aroma recovery from model solutions that
emulate seafood industry aqueous effluents, aiming to define the best conditions for off-flavour
removal. This work assesses whether the previously developed mathematical model, validated only
with model solutions, is also applicable in predicting the fractionation of aromas of different chemical
families from real effluents (sardine cooking wastewaters), aiming for off-flavour removals. It was
found that the food matrix does not influence substantial detrimental consequences on the model
simulations, which validates and extends the applicability of the model.

Keywords: modelling of organophilic pervaporation; vacuum fractionated condensation; aroma
recovery; valorisation of canning industry effluents; removal of off-flavours

1. Introduction

The large majority of studies performed for aroma recovery by pervaporation have
been accomplished using model solutions [1]. The use of model systems is effective for a
simple and detailed analysis of process performance and optimisation. However, model
solutions cannot reproduce all the complex varieties of constituents of the feed stream,
with diverse concentrations and chemical and organoleptic properties which contribute
to the overall aroma profile [2]. The pervaporation of real feed mixtures should also be
studied because the concentration of volatiles is usually lower than in model solutions, due
to potential interferences of lipids and proteins in the aroma profile [3], which is mostly
neglected when studying model solutions. However, there are still a few studies that use
real feeds [3–6].

In a previous study, Pereira et al. [7] proposed a mathematical model for the
pervaporation-fractionated condensation aiming at the recovery of aromas free from off-
flavours using a model solution that mimicked seafood cooking wastewaters. This model
allows for simulating the mass and composition of each compound in the condensers
arranged in a series, mousing as input information the permeate fluxes of each aroma
under study (obtained experimentally), operating conditions used in the process, and
thermodynamic parameters of each aroma. The model is based on the mass balances and
thermodynamic equilibrium in each condenser.

For many years, the production of commercial seafood flavourings used solid by-
products. Nowadays, seafood cooking water has emerged as a promising source for
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producing “natural-like” aroma concentrates, valuable for the food and feed market sec-
tors [8]. The presence of off-flavours in the agro-industrial effluents composition is one of
the constraints associated with the valorisation of aromas. Even though they are frequently
innocuous, off-flavours might degrade the quality of a food product, which can be quite
expensive for the food and beverage sectors. The Maillard reaction or lipid oxidation,
which produces numerous food smells and certain off-flavours, develops during thermal
processing. The need for non-thermal processes or the use of gentler conditions is growing
as a result [9]. In this work, the fractionation and separation of desirable target aromas
from off-flavours are explored, benefiting from both the membrane’s intrinsic selectivity
and the selectivity of fractionated condensation consecutive steps.

The main objective of this work is to study the effect of the matrix on the aroma
recovery from sardine cooking wastewaters by the integrated process of organophilic
pervaporation/fractionated condensation, assuring off-flavour removal. Concretely, the
objective is to validate the mathematical model previously developed for model solutions,
extending it to apply to a real matrix, a complex sardine cooking wastewater. If the model
correctly predicts the fractionation of the different aromas, despite the complexity of the real
solution, the applicability of the model will increase significantly, opening opportunities
for use with other real matrices.

2. Materials and Methods

The sardine cooking wastewater was kindly provided by the company A Poveira S.A.
(Laúndos, Portugal). This effluent is the result of steaming the fish for 7 min at 100 ◦C. An
acorn extract with antioxidant properties was added to the sardine cooking wastewater
at the outlet of cooking chambers at a 1% (v/v) concentration to prevent lipid oxidation
and suppress aroma deterioration. The effluent was collected, transported, and stored at
−20 ◦C until needed.

The experimental setup and analytical methods of study were the same as described
in previous studies [7,10].

A radial flow flat module (GKSS, Germany) was employed, presented, and discussed
in detail in Schafer [11]. The membrane used was a PervapTM 4060 (DeltaMem AG,
Switzerland), an organophilic dense membrane with a membrane area of 10−2 m2. The
active layer of polydimethylsiloxane (PDMS) was shown to have an excellent performance
for the permeation of organic compounds by pervaporation, as well as a good affinity for
seafood aromas [12,13].

The operation conditions applied in this study were the optimised conditions obtained
previously in the studies performed with a model solution [7]. According to these, the
permeate pressure applied was 1500 Pa. The temperature of the first condenser T1, condens
was set at −100 ◦C, and the temperature of the second condenser T2,condens was at −196 ◦C.

At the end of the trials, the membrane used was rinsed with a known amount of water
at room temperature, and the content of lipids, proteins, and aromas present in this solution
was characterised according to the methods described in Pereira et al. [10].

3. Results

3.1. Characterisation of Sardine Cooking Wastewaters

Alcohols, aldehydes, and ketones are part of the aroma profile of the sardine cooking
wastewaters, as revealed by solid-phase microextraction followed by gas chromatography
mass spectrometry (SPME/GC-MS). The overall aroma profile of sardine cooking wastewa-
ters is presented in Table 1, and it is identical to the aroma profile of sardines investigated
by other researchers [14,15]. Some chemical markers were selected to study the effect of
the matrix in this process, which are 1-penten-3-ol and 1-octen-3-ol, as alcohols; heptanal,
(E,E)-2,4-heptadienal, (E,Z)-2,6-nonadienal, as aldehydes; and 2-nonanone as ketone. These
chemical markers were selected based on the main groups of chemicals present in sardine
cooking wastewaters, with diverse organoleptic properties. The main compound present
in higher concentrations was 1-penten-3-ol.
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Table 1. Aroma compounds identified in Sardine cooking wastewaters.

Aroma
Compounds

Area * [Ci] (ppm) *
Aroma

Compounds
Area * [Ci] (ppm) *

Aldehydes Alcohols
Hexanal 123246866 1-Penten-3-ol 79964041 0.100
Heptanal 28381616 0.006 1-Octen-3-ol 181778114 0.008

2-Hexenal, (E)- 58129859 (5Z)-Octa-1,5-dien-3-ol 86516933
Octanal 16922895 2-Ethylhexanol 7501041
Nonanal 79342642 1-Octanol 590437999 0.100

2-Octenal, (E)- 39611501 1-Penten-3-ol 79964041 0.008
2,4-Heptadienal, (E,E)- 88078708 1-Octen-3-ol 181778114

2-Nonenal, (E)- 21644129 0.011 Ketones
2,6-Nonadienal, (E,Z)- 92347778 0.044 2-Nonanone 44929994 0.001

2-Decenal, (E)- 12169097 3,5-Octadien-2-one 113901449

Sulphur compounds 2-Undecanone 8019036

Trans-2-(2-Pentenyl)furan 46428766
Acids

Hexanoic acid 89583410

* Mean values of integration peak areas for all compounds identified and the concentration (ppm) of chemical
markers. The aromas were identified by comparing their retention indices relative to C8–C20 n-alkanes and their
mass spectra to those in the NIST Library Database. Quantification was performed with calibration curves of the
pure standards, evaluated under the same circumstances. Underlined compounds are off-flavours.

3.2. Pervaporation-Fractionated Condensation Processing of Sardine Cooking Wastewaters

The permeate was generated through pervaporation experiments with sardine cook-
ing wastewaters under upstream operating conditions described in the previous section.
The total permeate fluxes obtained in the seafood model solution experiments using the
same operating conditions were 889.84 g/m2.h and 731 g/m2.h with sardine cooking
wastewaters. This lower value for the permeate flux was expected due to the total lipid
(28.13 ± 2.84 g/100 g) and protein content (25.38 ± 1.95 mg/mL) of the sardine wastew-
ater sample [10]. The presence of lipids and proteins in the feed medium might lead to
interactions with aroma compounds present and also to some degree of fouling of the
pervaporation membrane.

Table 2 shows the individual fluxes [mol/(m2.s)] and the permeabilities [mol/(m.s.Pa)]
to the aromas under study, as well as the separation factors obtained (calculated against wa-
ter).

Table 2. Experimental parameters of pervaporation were performed with a downstream pressure of
1500 Pa, with real wastewater: aroma flowrate (Ji), permeability (Li), and selectivity of each aroma
(against water).

Compound Ji [mol/m2.s] Li [mol/(m.s.Pa)] Separation Factor [–]

Sardine cooking wastewater
1-Penten-3-ol 6.58 × 10−7 ± 8.64 × 10−9 6.25 × 10−11 ± 4.15 × 10−12 4.20 ± 0.28

1-Octen-3-ol 3.91 × 10−8 ± 1.66 × 10−9 2.33 × 10−11 ± 7.95 × 10−13 11.19 ± 0.38
2-Nonanone 1.89 × 10−8 ± 9.67 × 10−10 1.48 × 10−11 ± 9.17 × 10−13 51.03 ± 3.14

Heptanal 2.80 × 10−8 ± 9.56 × 10−10 3.73 × 10−12 ± 3.06 × 10−13 7.31 ± 0.60
(E2, Z6)-Nonadienal 4.65 × 10−7 ± 2.86 × 10−8 1.48 × 10−11 ± 9.17 × 10−13 171.15 ± 19.73

The data presented are the mean ± s.d. values. Underlined compounds are off-flavours.

The important and main alcohol 1-penten-3-ol, responsible for the aroma of fresh
marine products, is generated from polyunsaturated fatty acids [15]. 1-Penten-3-ol presents
the highest values for the individual flux (Ji) and permeability (Li). However, the off-flavour
(E2, Z6)-nonadienal shows a close permeate flux and the highest separation factor, which
reinforces the importance of conjugating fractionated condensation to the pervaporation
process to enable the off-flavour’s removal.
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At the end of the process, to better understand the effect of the matrix in the per-
vaporation process, the content of the total proteins and lipids that remained adsorbed
to the membrane, as well as the aroma content in this adsorbed layer, were analysed by
Lowry and Bligh and Dyer’s methods, respectively. There was no gel formation on the
membrane surface, and indeed, the protein content in the membrane was quite residual
(6.15–8.46 μg/m2), only slightly more relevant in terms of lipids showing 1.3–2 μg/m2. Con-
cerning the aromas, a small number of aromas remained in the membrane in a very small
concentration: only 2-nonanone and 1-octen-3-ol were found in residual concentrations of
10 and 20 μg/m2, respectively.

Model Validation for the Real Sardine Cooking Wastewater

The thermodynamic/material balance model was developed to simulate the recovery
of aromas at a given permeate pressure employing fractionated condensation with two
condensers in a series, supported by an efficient and optimised fractionated condensa-
tion (see the complete explanation by Pereira et al. [7]). In short, starting from simple
experimental inputs such as the (i) permeate flux of each aroma present in the system, (ii)
thermodynamic parameters (for each compound in the feed: Antoine constant and activity
coefficient at infinite dilution), and (iii) operation conditions of downstream pressure and
temperature, it is possible to simulate the composition of the condensates obtained in the
sequential condensers. Through a system of equations that describe the thermodynamic
equilibrium conditions and with the support of required material balances, we can select
the best operating conditions to achieve the best separation of desirable flavours from
off-flavours. In the end, the expressions for calculating the percentage of condensation
of water and aroma(s) in the first condenser are obtained, respectively, by Equations (1)
and (2).

%condensw1 = 1 − ninert
nw0

·
pvw(T1, condens)

pperm − pvw(T1, condens)
(1)

%condensaroma1
∼= 1 − ninert

naroma0
·
κaroma1·γ∞

aroma1·pvaroma(T1, condens)

pperm − pvw(T1, condens)
(2)

where ninert is the inert gas molar flow rate in the stream, Pv is the saturation vapour
pressure of water or aroma, pperm is the permeate pressure applied to the system, nw

or aroma0 is the molar flow rate before the first condenser, κw or aroma is the molar fraction in
the feed, and ∞

aroma is the infinite activity coefficient of the aroma.
The model developed was applied for a permeate pressure of 1500 Pa, where the

percentage of compound i that is condensed/recovered in the first condenser, %Condensi1,
was predicted for different values of T1,condens [◦C]. Figure 1 shows the simulations obtained
for each aroma present in the sardine cooking wastewater and the experimental values
acquired, in terms of %Condensi1 (the fraction of each chemical compound i that condenses
in the first condenser) versus the temperature of the condenser, T1,condens.

Figure 1 reveals a good adherence between the experimental and the simulated results
of %Condensi1 as a function of the temperature of the condenser and, consequently, for the
composition of condensates. This result means that, although the real medium composition
is much more complex than the model solution previously studied, it is not necessary
to modify the thermodynamic/material balance model used, which can be applied with
success to evaluate if a given fractionation of aromas (such as the fractionation between
target aromas and off-flavours) can be achieved.
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Figure 1. A model simulation was obtained for the sardine cooking wastewaters with experimental
validation for five different aroma presents. Percentage of condensation of each compound (water, 1-
penten-3-ol, 1-octen-3-ol, heptanal, 2,6-nonadienal, and 2-nonanone) in the 1st condenser (%Condensi1)
as a function of the temperature of the same condenser (T1,condens). Operating conditions: Pervap 4060
membrane; Tfeed = 60 ◦C; pperm = 1500 Pa; lines refer to simulated values and dots to experimental
data, which were analysed in triplicate.

Under the experimental conditions used in this work, 1500 Pa of permeate pressure
and T1,condens [◦C] of 10 ◦C (see Figure 1), a good off-flavour removal was achieved, with the
partial retention of off-flavours in the 1st condenser lower than 3% for heptanal and 1.6% for
(E2, Z6)-nonadienal. These retention values correspond to an off-flavour concentration of
0.02 and 0.67 mg off-flavours/Kgcondensate of heptanal and (E2, Z6)-nonadienal, respectively,
in the 1st condensate. In a conclusion, in terms of aroma quality, the condensate recovered
in the first condenser is reduced in off-flavours. Both off-flavour concentrations are below
their threshold (limit of human olfactive perception) of 0.60 and 0.70 mg/L of heptanal
and (E2, Z6)-nonadienal, respectively. On the other hand, it should be recognised that the
recovery of desirable aromas in the first condenser is not complete, not assuring off-flavour
removal: 84% of 1-penten-3-ol is recovered in the first condenser, but 43% of 1-octen-3-ol is
recovered, and only 14% of the ketone 2-nonanone is recovered.

This model proves to be an excellent tool to simulate the percentage of the condensa-
tion of each aroma in each condenser at a particular downstream pressure and condenser
temperature, as well as the resulting condensate composition. It enables the compari-
son and definition of fractionated condensation procedures based on the goal of a given
industrial process.

4. Conclusions

The integrated process of pervaporation-fractionated condensation has proven to be
a potential approach for the valorisation of canning industry effluents by the recovery of
valuable aromas.
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The model used shows a good match between experimental and predicted values,
despite the high heterogeneity of the sardine cooking wastewater. The effect of the matrix
did not demonstrate significant negative effects on the model simulations, making possible
its use without further modification.

The model applied and validated for sardine cooking wastewaters proved to be a
useful tool to predict the fractionation of aroma compounds, here illustrated by the removal
of off-flavours to obtain aroma products with potential commercial value. Additionally,
due to the range of chemical families evaluated, this model represents a tool that might
be easily applied to other real matrices, aiming at the recovery of surplus aromas from a
circular economy perspective.
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Abstract: Artificial water channels (AWCs) have been well investigated, and the imidazole-quartet
water channel is one of the representative channels. In this work, covalent organic frameworks
(COFs) composite membranes were fabricated through assembling COF layers and imidazole-quartet
water channel. The membranes were synthesized by interfacial polymerization and self-assembly
process, using polyacrylonitrile (PAN) ultrafiltration substrates with artificial water channels (HC6H)
as modifiers. Effective combination of COF layers and imidazole-quartet water channels provide
the membrane with excellent performance. The as-prepared membrane exhibits a water permeance
above 271.7 L·m−2·h−1·bar−1, and high rejection rate (>99.5%) for CR. The results indicated that
the composite structure based on AWCs and COFs may provide a new idea for the development of
high-performance membranes for dye separation.

Keywords: high-flux membranes; artificial water channels; COFs; composite structure

1. Introduction

Currently, water shortage has become a serious problem due to human activities
and poor water treatment [1]. Membrane-based water purification technologies have
been frequently studied due to their simple process, high efficiency, and low energy con-
sumption [2,3]. Both high selectivity and excellent permeability are required for the ideal
separation membrane.

As the most important component of biofilms, the channel aquaporin (AQP) plays a
crucial role in the unique exchange of particles between cells and their environment. Owing
to its high water permeability and superior selectivity [4,5], AQP with proteo-liposomes
has been applied in the fabrication of separation membranes [6]. However, the stability
of AQP under harsh conditions and compatibility with substrate membrane remains a
challenge to be solved [7].

Researchers have tried to mimic the structure of AQP in recent years. AQP has
a typical hourglass structure with high enough filtration selectivity to transport water
through electrostatic repulsion in the aromatic and arginine (ar/R) constriction region [8].
Owing to the reduction in the collective hydrogen bonding, the positive charges at the
entrance of the AQP channel could further improve the water transport activity [9,10]. This
distinctive structure of AQP provides an idea for the synthesis of AQP alternatives. As
one possible substitute, artificial water channels (AWCs) can provide an effective pathway
towards membrane by mimicking AQP’s mechanism. AWCs, reported by Barboiu in
2011 [11], are synthetic water channels with self-assembled columnar structures. The
central hydrophobic or hydrophilic pore guarantees the directional transfer of water, and
the outer hydrophobic exterior matches the polymeric membrane environment.

The biomimetic hydrophobic AWCs have been investigated over the past 30 years.
Ultrashort carbon porins (CNTPs) were inserted in a lipid bilayer by Noy et al. [12]. Gong
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et al. successfully synthesized a series of (m-phenylene-ethynylene) m-PE macrocycles, and
their permeability could reach 4.9 × 107 H2O·s−1·channel−1 [13]. Hydrazide-appended
pillar arene was first introduced by Ogoshi et al. in 2008 [14]. Hou et al. synthesized a
second generation of pillar arene PAP layer and applied it in the transmembrane transport of
chiral amino-acids with a permeability of 3.5 × 108 H2O·s−1·channel−1 [15]. Moreover, the
imidazole-quartet (I-quartet) channels obtained by self-assembly of alkyl ureido-imidazole
(HC6H) [11] was investigated to improve membrane permeability without sacrificing its
selectivity. However, low compatibility with the substrate needs to be addressed.

Recently, covalent organic frameworks (COFs) have attracted a lot of attention in the
fields of energy-storage, catalyst, and separation. As a new class of crystalline organic
porous material, COFs are composed of H, B, C, O, N, and other light atoms, and possess
unique properties, such as inherent porosity, good pore aperture, and abundant functional
groups [16–18]. Compared with traditional polymer membrane materials, the separation
efficiency of COF membranes has been greatly improved. However, there is still a trade-off
problem between permeability and selectivity. Appropriate substrates have been proven to
be a feasible way for the further enhancement of membrane performance [19]. Construction
of a 2D+1D structure via inserting 1D cellulose nanofibers (CNFs) has been reported to
improve both selectivity and permeability [20]. In addition to the above methods, inserting
specific water channels might be an effective way to optimize the performance of COF
membranes. The well-organized pores in the COFs’ active layer provide more insertion
sites for HC6H. The shielding effect of embedded channels could enhance the sieving
ability of the membrane, and the multiple interaction between COFs and water channels
could improve the membrane stability. Meanwhile, the selective water transport capacity
of water channels can also ensure the enhancement of water permeability of the membrane
without sacrificing rejection.

In this work, water channels derived from the self-assembly of alkyl ureido-imidazole
(HC6H) were employed for the performance enhancement of COF membranes. HC6H is
a typical self-assembled channel with an artificial tubular structure that relies on strong
intermolecular hydrogen bonding to achieve a stable state (Figure S1). During the self-
assembly process, HC6H can spontaneously insert into the hydrophobic region of the
membrane matrix to form a cylindrical structure. Therefore, HC6H could be used as a
molecular scaffold for the construction of I-quartet, stabilized by internal water wires
(Figure S1) [11]. These I-quartets were then inserted into COF (TpPa) membranes and
connected by hydrogen bonding to form a stable composite membrane structure, as shown
in Figure 1. Its separation performance was investigated and optimized in term of water
permeance, dye rejection, and stability. The results showed that the composite COF mem-
branes with high permeance and selectivity exhibited great potential in the development
and industrialization of high-performance membranes.

Figure 1. The composite architecture of TpPa-HC6H.
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2. Experimental

2.1. Materials

Polyacrylonitrile (PAN) ultrafiltration membranes (mean pore size: 0.134 μm) were
provided by Shandong Megavision Membrane Engineering and Technology Co., Ltd.
(Shandong, China). P-phenylenediamine (Pa, 99.9 wt%) was obtained from Innochem
(Beijing, China). 1,3,5-triformylphloroglucinol (Tp, 95 wt%) was supplied by Bide Phar-
matech Ltd. (Shanghai, China). Hexamethylene diisocyanate (HDI, 97 wt%) and histamine
(96 wt%) were obtained from McLean Biochemical Technology Co., Ltd. (Shanghai, China)
Tetrahydrofuran (THF, 99 wt%). N, N-dimethylacetamide (99.5 wt%), ethylacetate
(99.5 wt%), and acetonitrile (99.5 wt%) were purchased from Kemio Chemical Reagent Co.,
Ltd. (Tianjin, China). Acetic acid (99 wt%), n-hexane (99 wt%), and sodium hydroxide
(NaOH, 98 wt%) were obtained from local suppliers. Dyes including methyl blue (MB),
congo red (CR), acid fuchsin (AF), chrome black-T (CB-T), and rhodamine B (RB) were
provided by Aladdin (Shanghai, China).

2.2. Preparation of HC6H

The synthesis of HC6H is shown in Figure S2. Hexamethylene diisocyanate and his-
tamine (molar ratio of 1:2) were poured into a mixture of THF (5 mL), N,N-dimethylacetamide
(10 mL), and ethyl acetate (5 mL). After ultrasonic treatment and shaking for 10 min, the
above mixture was heated at 12 ◦C for 15 min and acetonitrile (5 mL) was added. The
mixture was then heated at 120 ◦C and stirred at reflux for 1 h. Finally, the product was
cooled at room temperature for 3 h. It was then washed with THF and filtrated to obtain a
white powder, which was vacuum dried for 10 h.

2.3. Synthesis of Composite Matrix Membrane

Figure 2 illustrates the fabrication process of the composite matrix membranes by
interfacial polymerization (IP). Firstly, HC6H powder was dissolved in anhydrous ethanol
and sonicated for 30 min to obtain a HC6H solution. The solubility of HC6H is confirmed as
0.42 ± 0.01 g per 100 g ethanol at room temperature. The PAN ultrafiltration membrane was
hydrolyzed in sodium hydroxide solution (1 mol/L) at 60 ◦C for 1.5 h, and then immersed
into HC6H solution. Pa (0.2 wt%) and Tp (0.02 wt%) was dissolved in deionized water
and n-hexane, respectively. The 25 mL Pa solution (including 250 μL acetic as the catalyst)
was poured onto the active surface of the PAN substrate and underwent adsorption for
30 s. After that, the excess Pa solution was removed from the substrate and then a 25 mL
Tp hexane solution was added onto the Pa-saturated substrate. When the n-hexane solution
came into contact with the surface of the Pa-saturated substrate, the color of the membrane
surface immediately changed to yellow. After 30 s of reaction, the residual solution was
drained off, and the membrane was heated at 60 ◦C for 5 min to form a more stable
hexagonal framework. Finally, the membrane was transferred to deionized water for 3 h
before usage.

2.4. Membrane Characterization

The chemical structure of HC6H powder was explored using Fourier Transform
Infrared Spectra (FTIR, IRAffinity-1S, Marlborough, MA, USA) in the scanning range of
500–4000 cm−1 and nuclear magnetic resonance spectrometry (NMR, JEOL JNM ECZ600R,
Tokyo, Japan). Thermal stability of HC6H powder was determined by a thermo gravimetric
analyzer (TGA, Netzsch TG 209F3, Karlsruhe, Germany).

The morphologies of the mixed-dimensional membrane were characterized by a scan-
ning electron microscopy (SEM, Regulus 8100, Tokyo, Japan). TEM images of the composite
matrix membrane were obtained using field emission transmission electron microscope
(TEM, JEM-1400Flash, Tokyo, Japan). Atomic force microscopy (AFM, Dimension icon,
Karlsruhe, Germany) was used to detect surface roughness.
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Figure 2. The synthesis process of composite matrix membranes by interfacial polymerization.

Membrane surface hydrophilicity was analyzed through water contact angle measurer
(WCA, OCA15EC, Silicon Valley, CA, USA). The water contact angle measurement of
each sample was repeated for five times to obtain the average value. X-ray diffractometer
(XRD, D8-Focus, Karlsruhe, Germany) was used to explore the interlayer spacing of the
powder and composite matrix membranes in room temperature at the range of 5◦ < 2θ < 30◦
with a step of 0.02◦/s. Elements and functional groups of the composite matrix membrane
were obtained from the X-ray photoelectron spectroscopy (XPS, Kratos, Manchester, UK)
and Fourier transform infrared (FTIR, IRAffinity-1S, Marlborough, MA, USA) spectra
with the range of 400–4000 cm−1. The UV/V spectrophotometer (UV3600 Shimadzu,
Tokyo Japan) was used to analyze the concentrations of dyes in feed, permeated, and
retentate solutions.

2.5. Membrane Separation Performance

Dye rejection and water permeability of the composite matrix membranes were de-
termined by a cross-flow filtration system with an effective membrane area of 28.26 cm2.
Before the test, the membrane was pre-compacted under 2.5 bar for 20 min to achieve a
stabilized state, and then the performance was measured at 2 bar. The dye concentrations
(MB, CR, CB-T, AF, RB) in the feed solution were kept as 0.1 g/L.

Water permeance (F, L·m−2·h−1·bar−1) was calculated by Equation (1)

F = V/(A ∗ t ∗ ΔP) (1)
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where V, t, A, and ΔP are the volume of the permeated solution (L), filtration time (h),
effective membrane area (m2), and transmembrane pressure (bar), respectively.

The rejections for dyes were calculated by Equation (2)

R = (1 − CP/CF) ∗ 100% (2)

where CP and CF are the dye concentrations in the feed and permeate solutions, respectively.

3. Results and Discussion

3.1. Characterizations of HC6H

The 1H solid-state NMR and FT-IR spectra of HC6H powder were obtained to confirm
its chemical structure. As shown in Figure 3a, the observed peaks in the 1H NMR spectrum
w are consistent with the previously reported results [11]: δ = 1.23 (s, 2H), 1.33 (t, 2H),
2.58 (t, 2H), 2.95 (q, 2H), 3.21 (q, 2H), 5.78 (t, 1H), 5.88 (t, 1H), 6.77 (s, 1H), 7.53 (s, 1H),
11.85 (s,1H). As shown in Figure 3b, the FT-IR spectrum presents characteristic peaks at
1240 cm−1 (-C-C-), 1616 cm−1 (-NH-), 1736 cm−1 (-C=N-), and 2847 cm−1 and 2921 cm−1

(-CH2-), further confirming the successful synthesis of HC6H.

Figure 3. The characterizations of HC6H powders. (a) 1H NMR spectroscopy of the synthesized
HC6H powders. (b) FT−IR spectra of HC6H powders. (c) XRD pattern of HC6H powders. (d) TEM
pattern of HC6H powders (60 k). (e) TEM pattern of HC6H powders (80 k).
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The crystal structure of HC6H powder was characterized by XRD, as shown in Figure 3c.
The main diffraction peaks are located at 2θ = 4.09◦ (100), 8.27◦ (200), 12.38◦ (300), and
26.99◦ (001), indicating a moderate crystallinity of the obtained HC6H powder. According
to the Bragg equation [21], the minimum interlayer spacing is 3.3 Å, which could transport
water and reject the dyes. The structure of HC6H powder was determined by TEM, and
the results are shown in Figure 3d,e. It can be clearly seen that the HC6H exhibits a planar
and ordered layered pore structure, which matches the single crystal structure in the XRD
pattern. Meanwhile, the pore structure of HC6H is stacked in an ordered layered structure
(Figure 3d), which matches the periodic results of the layered thin sheets in the XRD pattern,
indicating the I-quartet crystal structure in the arranged layers of HC6H molecules. When
the ethanol solution of HC6H was poured onto the surface of PAN substrate, the self-
assembly process occurred, and the resulting pore structure provides sufficient channels
for water molecules. In the next step of interfacial polymerization, the COF layer was in
contact with the water channel, and a composite structure was successfully formed onto
the membrane surface.

TGA was used to explore the composition and thermal stability of HC6H (Figure S3).
A small amount of mass loss is exhibited in the temperature range of 100–160 ◦C because of
the strong binding of water molecules to the channels. The powder firstly decomposed at
180 ◦C and the weight loss could reach 74.19% at 180–440 ◦C. The secondary decomposition
starts at 440 ◦C, and the weight loss at this stage was about 7.97%, which is consistent with
the previous report [11]. Meanwhile, it also indicated the HC6H powder can maintain a
stable self-assembled structure at 180 ◦C, and its thermal stability can meet the requirements
for dye separation and wastewater treatment.

3.2. Morphologies of Composite Matrix Membranes

Figures S4 and S5 display the SEM and AFM images of the top surface of composite
matrix membranes fabricated with different reaction times and HC6H concentrations. The
variations of surface roughness with HC6H concentrations and reaction times were shown
in Figure 4a,b.

Figure 4. The effect of HC6H concentration (a) and reaction time (b) on surface roughness of
HC6H−TpPa/HPAN membrane.

It can be seen that both PAN and HPAN membranes display smooth surfaces; the
formation of the COF layer results in a rough and dense surface (Figure S6). When the
HC6H concentration was adjusted in a small range (�2.0 mg/mL), it had little effect on
the surface morphology of the membrane (Figure S4g–i), and the surface roughness value
was stable in the range smaller than the pristine membrane (Figure 4b). As the HC6H
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concentration increased above 2.0 mg/mL, granular substances appeared on the membrane
surface (Figure S4j–k) and surface roughness increased (Figure 4b). This is because the
reaction sites were saturated and a large amount of HC6H accumulated on the membrane
surface. The accumulation of HC6H will inevitably lead to a decrease of permeance.

As the reaction time increased from 10 to 25 min, the surface roughness values first in-
creased and then decreased (Figure 4a), which is consistent with the SEM images. When
the reaction time was short (10 min), the membrane surface had obvious stripes and high
roughness due to the rapid formation of the COF layer (similar to Figure S4a). When the
time was extended to 15 min (Figure S4c), water channels formed by HC6H appeared and
the surface became smooth. When the reaction time was extended to 25 min, the strip-like
protrusions disappeared and the film surface was smoother. However, when the reaction
time reached 30 min, the formed cross-linked structure blocked the membrane pores, so
a granular structure (Figure S4f) with a surface roughness of 12 nm (Figure S5f) on the
membrane surface could be clearly seen. As the reaction time was extended to 20 min, the
strip-like protrusions on the membrane surface had disappeared, indicating the formation
of a good planar configuration (Figure S4g–k).

3.3. Surface Hydrophilicity of Composite Matrix Membranes

Surface hydrophilicity plays a critical role in improving the permeability of the mem-
brane. Figure 5a shows water contact angles of the membranes fabricated with differ-
ent reaction times and HC6H concentrations. The water contact angles of the PAN sub-
strate decreased from 60.0 ± 1.5◦ to 37.2 ± 1.5◦ after the hydrolysis in sodium hydroxide
(Figure S7). After the formation of TpPa layer, the surface of TpPa/HPAN membrane
displayed a water contact angle of 45.9 ± 1.5◦. After incorporating 1.0 mg/mL of HC6H,
the HC6H−TpPa/HPAN membrane surface displayed a water contact angle of 53.5 ± 1.5◦,
which might be due to the long hydrophobic chain alkanes of HC6H. When the HC6H
concentration was above 1.0 mg/mL, the water contact angle of the membranes decreased
continuously, probably due to the synergistic effect of hydrophilic groups and roughness.
Both the number of hydrophilic groups and the surface roughness (7.94 nm to 25 nm) on
the membrane surface increased with the increase of the concentration.

Figure 5b shows the effect of reaction time on water contact angle. When the reaction
time was 10 min, a hydrophilic water channel has not been formed on the membrane
surface, and the hydrophobic chain alkanes played a major role on the membrane surface,
leading to the increase of water contact angle. When the reaction time reached 30 min, the
contact angle dropped to 38.92 ± 1.5◦. In general, due to the presence of artificial water
channels, the hydrophilicity of the membrane was enhanced and the overall water contact
angle was reduced.

3.4. Chemical Composition of Composite Matrix Membranes

The chemical structure of the membranes and the molecular interactions between
HC6H and TpPa were determined via FT-IR and XPS spectra. Figure 5c compared the
FT-IR spectra of HC6H−TpPa/HPAN membrane (red curve), TpPa/HPAN membrane
(blue curve), HPAN membrane (green curve), and PAN membrane (black curve). The FT-IR
spectrum HPAN exhibited adsorption bands at 1569 cm−1 due to the stretching vibration
of –COOH compared with the spectrum of PAN; this is because, after the hydrolysis of the
PAN substrate in sodium hydroxide solution, the cyano group of PAN was converted to a
carboxyl group. The FT-IR spectrum of HC6H−TpPa/HPAN exhibited adsorption bands at
1230 cm−1 and 1650 cm−1 due to the stretching vibration of -C-C- and -C=N-, respectively,
indicating the successful assembly of artificial water channels on the membrane surface. In
addition, the adsorption bands at 3354 cm−1, assigned to -OH group, indicated the existed
interaction between TpPa layer and artificial water channels.
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Figure 5. The influence of reaction concentration (a) and reaction time (b) on water contact an-
gle of HC6H−TpPa/HPAN. (c) FT−IR spectra of HC6H−TpPa/HPAN membrane (red curve),
TpPa/HPAN membrane (blue curve), HPAN membrane (green curve), and PAN membrane
(black curve). (d) XPS spectra of TpPa/HPAN membrane and HC6H−TpPa/HPAN membrane.

As demonstrated in Figure 5d, XPS measurement was used to explore the chemical
bonding and surface elements of TpPa-/HPAN and HC6H−TpPa/HPAN membranes.
Both membranes showed three peaks at 285.3 eV (C 1 s), 398.68 eV (N 1 s), and 530.98 eV
(O 1 s). Table S1 lists the elemental atomic percentage of carbon (C), oxygen (O), and
nitrogen (N) on the membranes surface. Compared with TpPa-/HPAN membrane, the
HC6H−TpPa/HPAN membrane showed a decreased O content and an increased N content,
with the N/O ratio increased from 2.16 to 2.97. This might be because the HC6H exhibited
a higher nitrogen element, with an N/O ratio of 3.5, than the TpPa layer. Therefore, the
increase of N/O ratio also proved the successful incorporation of HC6H into the membrane.
According to the change of N/O ratio in the membrane, we can calculate that the proportion
of HC6H in the composite membrane was 60.4%.

3.5. Seperation Performance of Composite Matrix Membranes

The key reaction parameters in the process of HC6H self-assembly were investigated
to optimize the separation performance of HC6H−TpPa/HPAN membrane, including
reaction time, HC6H concentration, and reaction temperature.
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In the process of membrane preparation, the HC6H concentration was a critical factor
determining the generation of artificial water channels. The influence of HC6H concen-
tration on water permeance and CR rejection was investigated, and the result is shown
in Figure 6a. It can be seen that the water permeance of the pristine membrane was
around 135.8 L·m−2·h−1·bar−1. As HC6H concentration increased from 1.0 mg/mL to
2.0 mg/mL, water permeance dramatically increased from 169.8 to 271.7 L·m−2·h−1·bar−1.
These results indicated that a higher HC6H concentration is beneficial to the formation of
water channels in the membrane. However, further increasing the HC6H concentration to
3.0 mg/mL caused a significant decline in water permeance to 216.5 L·m−2·h−1·bar−1. As
the assembly of HC6H in the membrane tended to be saturated, excessive HC6H stayed
on the membrane surface or in the channels, leading to a decrease in water permeance.
Furthermore, the rejection rate to CR of all the composite matrix membranes was above
99.9%, and the maximum water permeance was almost twice that of the pristine mem-
brane. As a result, 2.0 mg/mL HC6H was chosen to be the optimal concentration for the
following investigation.

Figure 6. The influence of reaction concentration (a), reaction time (b) and reaction temperature (c) on
the separation performance of the HC6H−TpPa/HPAN membranes. (d) The rejection performance
of HC6H−TpPa/HPAN membranes to different dyes (CR, AF, CB−T, MB, and RhB).

Similar to the self-assembly of HC6H in other substrates [22], the reaction time with
HC6H has a great influence on the membrane performance. It directly determines the
number of artificial water channels formed in the membrane. Figure 6b displays the
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pure water permeance and CR rejection of the membranes fabricated with different re-
action times. It can be seen that the water permeance of the TpPa/HPAN membrane
was 135.8 L·m−2·h−1·bar−1. As the reaction time increased from 10 to 25 min, water
permeance of the HC6H−TpPa/HPAN membranes increased significantly from 225 to
297 L·m−2·h−1·bar−1. When the reaction time was relatively short, most of the HC6H had
not yet assembled into the water channel structure, but more and more water channels were
formed in the membrane with the increase of self-assembly time. When the reaction time
reached 30 min, water permeance reduced to 244 L·m−2·h−1·bar−1. This might because
the self-growth of HC6H, with a longer reaction time, easily led to the formation of a
cross-linking structure, leading to a pore blockage. The CR rejection of all composite matrix
membranes was higher than 98.7%. Based on the above results, 20 min was chosen as the
optimal reaction time with HC6H.

Finally, the effect of reaction temperature on the separation performance of the membrane
was also studied (Figure 6c). When the reaction temperature increased from 20 ◦C to 60 ◦C, the
water permeance of the membrane increased slightly from 271.7 to 286.6 L·m−2·h−1·bar−1,
and the CR rejection rate was still maintained at a high level (>99.9%). According to the
Arrhenius law [23], an appropriate increase in temperature is conducive to the formation of
more water channels within a certain period of time. Since the effect of temperature on the
membrane properties is not obvious, 20 ◦C was chosen as the self-assembly temperature.

After investigating the optimal preparation parameters of the composite matrix mem-
branes, we further investigated their separation performance using several typical dyes
(Figure 6d). It can be seen that the rejection rates of the membrane for CR (2.85 × 0.89 nm),
AF (1.17 × 1.13 nm), CB-T (1.55 × 0.88 nm), MB (1.25 × 0.51 nm), and RhB (1.69 × 0.83 nm)
were 99.9%, 94.3%, 97.7%, 95.8%, and 96.5%, respectively, indicating that the composite
matrix membrane had excellent separation performance. Owing to the formation of artifi-
cial water channels in the membrane, they can effectively repel these five dye molecules
(rejection rate > 90%) with high water permeance.

3.6. Stability of Membrane

The mechanical stability of composite matrix membranes was investigated by measur-
ing the water permeance under different operating pressures. As shown in Figure 7a, when
the pressure increased from 1.0 to 3.5 bar, the water permeance increased almost linearly
from 191.08 to 360 L·m−2·h−1·bar−1, indicating that the water channels of composite matrix
membranes remained at good rigidity below this pressure.

Figure 7. (a) Water permeance under different transmembrane pressures on composite matrix
membranes. (b) Separation performance before and after different solution treatments for the
HC6H−TpPa/HPAN membranes.
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In addition, the composite matrix membranes were immersed in NaCl solution (2.0 mg/mL)
or aqueous alcohol for 7 days, and then their dye rejection and water permeance were
measured to reveal chemical stability. As shown in Figure 7b, the water permeance changed
little, and the dye rejection remained at a high level, indicating that the NaCl solution and
aqueous alcohol could hardly destroy the membrane structure. According to the above
results, the composite matrix membranes have potential for use in the application of dye
separation from saline and organic wastewater.

In order to highlight the superior performance of the composite matrix membranes, we
compared its dye rejection and water permeance with other membranes (Figure 8). Many
reported membranes exhibited a moderate water permeance (<50 L·m−2·h−1·bar−1) with a
high RhB dye rejection rate (e.g., >95%), or a high water permeance (>200 L·m−2·h−1·bar−1)
with a low RhB rejection rate (<90%) [24]. In contrast, the HC6H−TpPa/HPAN com-
posite matrix membranes, fabricated in this work, exhibited a water permeance of 271
L·m−2·h−1·bar−1, and rejection rates to several dyes above 94%. Such an excellent water
permeance should be ascribed to the remarkable composite structure composed of COF
layers and HC6H.

Figure 8. Comparation of dye rejection (red: CR, blue: RhB) and water permeance between
HC6H−TpPa /HPAN composite matrix membranes and other membranes reported in the liter-
ature. Detailed information for these membranes is given in Table S2.
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4. Conclusions

In this study, we presented a composite self-assembly strategy to prepare advanced
COF membranes by introducing artificial water channels. Using the hydrogen bonding
between HC6H molecules and COFs, a highly efficient artificial water channel structure in
the membrane was successfully constructed. The hydrophilicity and water permeability of
the membrane surface have been greatly improved by the introduction of artificial water
channels, it breaks the permeability and selectivity trade-off effect, and it has a high separa-
tion performance in dye rejection. Under optimized synthesis conditions, the composite
matrix membrane exhibits excellent water permeance (271.76 L·m−2·h−1·bar−1) and high
rejection rates (>94%) to different dye molecules. Moreover, the membrane stability was
improved due to the multiple interactions between the water channels and COF layers.
Additionally, the composite matrix membranes showed stable permeation and rejection
performance under different conditions; the good thermal stability of the water channel
structure also enables the composite membrane to meet the higher requirements of dye
separation. It follows that, using artificial water channels to design composite structures, as
in this study, may prove to be an effective strategy to optimize the separation performance
of the COF membrane. It shows great potential in the treatment of dyeing wastewater.
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Abstract: Membrane photobioreactor (MPBR) technology is a microalgae-based system that can
simultaneously realize nutrient recovery and microalgae cultivation in a single step. Current research
is mainly focused on the operation of MPBR at a medium SRT. The operation of MPBR at a high
SRT is rarely reported in MPBR studies. Therefore, this study conducted a submerged MPBR to
treat synthetic municipal wastewater at a long solids retention time of 50 d. It was found that
serious microalgae decay occurred on day 23. A series of characterizations, including the biomass
concentration, chlorophyll-a content, nutrients removal, and physical-chemical properties of the
microalgae, were conducted to evaluate how microalgae decay affects the treatment performance
and biomass properties. The results showed that the biomass concentration and chlorophyll-a/MLSS
dropped rapidly from 3.48 to 1.94 g/L and 34.56 to 10.71 mg/g, respectively, after the occurrence of
decay. The effluent quality significantly deteriorated, corresponding to the total effluent nitrogen
and total phosphorus concentration sharply rising and exceeding that of the feed. In addition, the
particle became larger, the content of the extracellular polymeric substances (EPSs) decreased, and
the soluble microbial products (SMPs) increased instantaneously. However, the filtration resistance
had no significant increase because of the comprehensive interactions of the floc size, EPSs, and
SMPs. The above results suggest that the MPBR system cannot maintain long-term operation under
a high SRT for municipal wastewater treatment. In addition, the biological treatment performance
of the MPBR deteriorated while the antifouling performance of the microalgae flocs improved after
the occurrence of decay. The occurrence of microalgae decay was attributed to the double stresses
from the light shading and intraspecific competition under high biomass concentration. Therefore, to
avoid microalgae decay, periodic biomass removal is required to control the environmental stress
within the tolerance range of the microalgae. Further studies are required to explore the underlying
mechanism of the occurrence of decay.

Keywords: membrane photobioreactor; microalgae decay; solids retention time; treatment perfor-
mance; biomass properties; municipal wastewater treatment

1. Introduction

Wastewater reclamation and reuse have received more and more attention in the world
as a result of the increasingly serious freshwater scarcity. At present, various wastewater
treatment technologies, such as the activated sludge process (CAS) and membrane biore-
actor (MBR), have matured and are widely used in practical applications [1–6]. However,
most of these systems target organics removal using bacteria, and the treated effluent
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generally contains high levels of nitrogen and phosphorus. The direct disposal of such an
effluent would cause eutrophication in the water body. Therefore, it generally requires
additional processes targeting nutrient removal in order to meet discharge standards.

The microalgal membrane photobioreactor (MPBR), which integrates the photobiore-
actor (PBR) with the membrane filtration processes, is a promising technology for simul-
taneous microalgae cultivation and nutrient recovery [7–10]. For such a system, the use
of sewage can offset the cost of the nutrients required for microalgae cultivation, and the
microalgae biomass that is produced is one of the most promising precursors for biofuel pro-
duction [11]. In addition, the greenhouse gas CO2 can be fixed by the microalgae through
photosynthesis during the wastewater treatment process [12]. The feasibility of using MPBR
for wastewater treatment has been extensively studied in the last decade [10,11,13–19].

As a complex biological system, the performance of MPBR is highly dependent on
various operating conditions, such as lighting, hydraulic retention time (HRT), and solids
retention time (SRT) [10,19]. Among all of these factors, SRT is a critical factor that has
a significant influence on the biomass concentration, microalgal productivity, and nu-
trient removal in MPBR [15,18,20,21]. It is well known that a significant advantage of
MPBR over PBR is the decoupling of HRT from SRT, which can reduce the downstream
microalgal harvesting and dewatering due to the higher microalgae concentration that is
achieved. However, researchers currently mainly adopt a medium SRT for the operation
of MPBR [10,15,18,20]. To the best of our best knowledge, only two studies have operated
MPBR at a long SRT [22,23]. For instance, Xu et al. [22] conducted MPBR at a prolonged
SRT of 180 d for long-term operation, and eventually achieved a high biomass concen-
tration of 4.84 g/L. A similar result was also reported by Praveen et al. [23]. However,
the successes of these two studies were mainly attributed to the utilization of low organic
strength secondary wastewater and a low initial microalgae concentration.

In fact, except for secondary wastewater, MPBR has also been applied for the treatment
of high organic strength wastewater such as municipal wastewater and anaerobically
digested wastewater [24,25]. However, the feasibility of the long-term operation of MPBR
at a high SRT to treat municipal wastewater has never been reported. Therefore, a study on
MPBR in this field is expected to provide valuable insight into the application of MPBR for
municipal wastewater treatment.

In this study, a lab-scale MPBR system was operated at a high SRT of 50 d to explore
the feasibility of long-term operation of the MPBR system under a high SRT for municipal
wastewater treatment. A serious microalgae decay phenomenon occurred on day 23. The
effects of microalgae decay on the treatment performance and biomass properties were then
identified by a series of characterizations, including biomass production, chlorophyll-a
concentration, nutrient removal, and microalgal properties. This study could provide
practical experience for the operation and management of MPBR for high organic strength
wastewater treatment.

2. Materials and Methods

2.1. MPBR Setup and Operation

A lab-scale cylindrical submerged transparent MPBR system was conducted for
municipal wastewater treatment. The schematic of this setup is displayed in Figure 1.
Solid−liquid separation was accomplished using a flat plate membrane module. The
membranes used in this work were commercial grade, and were purchased from SINAP
Co. Ltd., Shanghai, China. Air was pumped into the reactor through an aeration pump
to provide CO2 for microalgae growth and to form eddy currents to scour the membrane
surface for fouling control. Gentle mixing was created using a magnetic stirrer (Model
6795-61, Corning, New York, NY, USA) located at the bottom of the reactor so as to prevent
microalgal precipitation. Continuous illumination was provided by four LED lamps (two
on each side). Details regarding the operating conditions and membrane module properties
are listed in Table 1. Chlorella vulgaris (CPCC 90) that was precultivated in a modified salt
medium (MSM) [26] was inoculated as the seed.
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Figure 1. Experimental setup of the MPBR.

Table 1. Operating conditions and membrane module properties of the MPBR system.

Parameters Value

Working volume 9.64 L
Aeration rate 7.5 ± 0.03 L/min

Illumination intensity 8400 lux
SRT 50 d
HRT 2.9 ± 0.1 d

Operating temperature 25.2 ± 1.0 ◦C
Operating pH 6.81 ± 0.66

Membrane type Flat sheet
Membrane material Polyvinylidene fluoride (PVDF)

Effective surface area 0.03 m2

Pore size 0.1 μm
Membrane flux 7.30 ± 0.34 L/(h·m2)

Simulated municipal wastewater was utilized as the feed in this study. The compo-
sitions of the synthetic influent are displayed in Table 2. The concentrations of glucose,
nitrogen, and phosphorus were determined according to the corresponding concentration
in the medium-strength municipal wastewater. The concentrations of trace elements were
the same as those in the modified MSM medium for microalgae pre-cultivation. The feed
was stored in a fridge at 5 ◦C and pumped by a peristaltic pump that was controlled
by a level sensor (Madison Co., New York, USA). Another peristaltic pump was used to
intermittently suck the permeate, using an operating mode of 3 min on and 2 min off.

Table 2. Composition of synthetic municipal wastewater.

Reagents Element Concentration (mg/L)

Glucose 500
EDTA disodium salt dehydrate 64

NH4Cl 50 (N)
K2HPO4 3.55 (P)
KH2PO4 5.9 (P)

CaCl2·2H2O 3.0 (Ca)
MnCl2·4H2O 0.4 (Mn)
CoCl2·6H2O 0.1 (Co)
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Table 2. Cont.

Reagents Element Concentration (mg/L)

FeSO4·7H2O 1.0 (Fe)
Na2MoO4·2H2O 0.47 (Mo)

ZnSO4·7H2O 2.0 (Zn)
CuSO4·5H2O 0.4 (Cu)

H3BO3 2.0 (B)
MgSO4·7H2O 6.0 (Mg)

2.2. Extraction and Analysis of Chlorophyll-a

The extraction and analysis of chlorophyll-a followed the method used by Nautiyal,
Subramanian [27]. A known content of microalgae sediments was obtained by centrifuga-
tion at 8000× g for 10 min and was then resuspended into a certain volume of methanol.
After that, the obtained microalgal suspension was immersed in a 60 ◦C water bath for
30 min and then cooled down to room temperature. The chlorophyll-a concentration in the
solvent was spectrophotometrically determined using a visible spectrophotometer (DR2800,
Hach) at three wavelengths. The content of chlorophyll-a in unit mass microalgae can be
calculated using the following equation:

Chlorophyll-a/MLSS(mg/g) = (16.29(A665.2 − A750) − 8.54(A652 − A750))/MLSS (1)

where A750, A665.2, and A652 represent the absorbance at 750, 665.2, and 652 nm, respectively,
and MLSS is the mixed liquor suspended solids of the microalgae.

2.3. PSD Analysis and Microscopic Observation

The PSD of the microalgae suspension was measured using a Malvern Mastersizer
2000 instrument (Worcestershire, West Midlands, UK) with a detection range of 0.02–2000 μm.
Each sample was automatically measured in triplicate by the machine. This measurement
was conducted one to two times per week.

The micromorphology of the microalgae was observed using an inverted optical
microscope (Olympus IX51). For each sample, at least 30 images were randomly taken
using a digital camera connected to the microscope.

2.4. Soluble Microbial Products (SMP) and Extracellular Polymeric Substances
(EPS) Measurement

The SMP sample was collected from the microalgae suspension through centrifugation
at 4000× g for 10 min and successive filtration through a 0.45 μm membrane. The bound
EPS of the microalgae was extracted through a cation exchange resin (CER) (DowexTM

MarathonTM C, Na+ form, Sigma-Aldrich, Bellefonte, PA, USA) method [28]. Details
regarding the extraction process can be found in our previous publication [29]. The total
content of SMP and bound EPS were normalized as the sum of protein and carbohydrates,
which can be determined colorimetrically according to Lowry’s method and Gaudy’s
method, respectively [30,31].

2.5. Other Analysis

The pH and temperature of the suspension were measured using a pH meter (pH
700, Oakton, Charleston, SC, USA) and thermometer, respectively. The trans-membrane
pressure (TMP) was monitored using a pressure gage. The growth of the microalgae was
monitored through the determination of mixed liquor suspended solids (MLSS). The deter-
mination of MLSS was conducted following the standard method [32]. Total nitrogen (TN)
and total phosphorus (TP) were measured following the methods previously adopted [26].
The analyses were conducted twice for each sample, and the average values were reported.

142



Membranes 2022, 12, 564

3. Results

3.1. Biomass Concentration and Chlorophyll-a Content

The contents of the microalgal biomass (represented by MLSS) and chlorophyll-
a/MLSS are shown in Figure 2. During the period before the decay occurred, the microalgal
biomass in the MPBR gradually increased and reached 3.48 g/L on day 22. Unlike the
biomass concentration, the chlorophyll-a/MLSS content remained relatively stable and
the average value was 34.44 ± 3.23 g/L. The gradual increase in microalgal biomass and
relatively stable content of chlorophyll-a suggested that MPBR operated in a stable manner
in the first 22 days. When the microalgae decayed on day 23, the biomass concentration and
chlorophyll-a/MLSS dropped rapidly from 3.48 to 1.94 g/L and 34.56 to 10.71 mg/g, respec-
tively, within 5 days. The rapid decrease in biomass concentration and chlorophyll-a/MLSS
indicated that a large number of microalgae died in a short time.

 
Figure 2. Variation in biomass concentration and chlorophyll-a/MLSS in the MPBR.

The occurrence of microalgae decay suggested that a high SRT greatly impacted the
continued long-term operation of MPBR. In this system, SRT directly affects the biomass
concentration, which has a trade-off relationship with the effective light transmittance (i.e.,
a high biomass concentration corresponds to a low effective light transmittance) [15,17].
In the current work, a high SRT of 50 d was adopted, and the higher initial biomass
concentration enabled the system to achieve a high MLSS of 3.48 g/L in a short time. With
the increase in biomass concentration, the intraspecific competition among the microalgae
became increasingly fierce because of the significant decrease in light transmittance. On the
other hand, untreated municipal wastewater was used as the influent. Unlike the secondary
effluent in previous studies, the organic matter in the municipal wastewater will lead to
the growth of bacteria, which will enhance the stress effect on microalgae growth [33,34].
Because of the above two reasons, a large number of microalgae died, which led to a
significant reduction in the biomass and chlorophyll-a/MLSS in the MPBR system.

3.2. Nutrients Removal

Figure 3 shows the TN and TP concentrations in the feed and permeate. The real TN
and TP in the feed were 46.7 ± 4.4 and 9.5 ± 0.4 mg/L, respectively. Under normal operat-
ing conditions (before the occurrence of decay), MPBR is a promising technique that can
effectively remove TN and TP from the wastewater, although it requires a period of adap-
tation. In this study, the lowest TN and TP concentrations in the permeate were 10.9 and
3.2 mg/L, respectively, corresponding to the highest removal efficiency of 76.7% and 66.2%,
respectively. However, once the decay occurred, both the TN and TP concentrations in
the permeate significantly rose and even exceeded that of the feed. This result indicated
that the released cytoplasm as a result of the microalgae decomposition would severely
degrade the permeate quality. Although the microalgal decay phenomenon has seldom
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been studied in MPBR systems, such a phenomenon has been widely reported in natural
systems such as lakes [35–38]. In addition, two days after the decay occurred, the TN and
TP concentration in the permeate gradually decreased, suggesting that the destroyed MPBR
system can self recover and the deteriorated permeate quality can also gradually improve.
However, such a recovery process needs one week or even longer. Therefore, from the
biological treatment performance, microalgae decay undoubtedly should be avoided and
preferably prevented in advance in the practical operation and maintenance of MPBR.

 
Figure 3. Variation in (a) TN and (b) TP in the feed and permeate.

3.3. Microalgae Properties and Membrane Fouling
3.3.1. PSD and Micromorphology

Figure 4 shows the PSD of the microalgae suspension before and after the occurrence
of decay. It can be seen that the suspended flocs before the occurrence of decay had a
double-peak shape, corresponding to a sharp primary peak ranging from 10–100 μm and a
weak secondary peak in the range of 1–10 μm. In comparison, the microalgae liquor after
the occurrence of decay had a perfect unimodal shape; the peak in the range of 1–10 μm
disappeared and the proportion of the flocs in the range of 10–100 μm increased. The
microscopic morphology of the microalgae in Figure 5 further demonstrates the variation
in PSD for the microalgae suspension before and after the occurrence of decay. As shown
in Figure 5, Chlorella vulgaris cells dispersed individually or combined as flocs before the
occurrence of decay, while almost existing as flocs after the occurrence of decay. The PSD
and microscopic observation jointly proved that decay shock had a great influence on the
biological properties of the microalgae particles, especially for the small dispersed Chlorella
vulgaris cells. Combined with the sudden decline of biomass (Figure 2) and the surge of
nutrients in the effluent (Figure 3), it can be reasonably speculated that the Chlorella vulgaris
cells in the system might be the first to decompose under the stress environment, and the
released substances from the lysis could promote the aggregation of free algal cells.
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Figure 4. PSD of the microalgae in the MPBR before and after decay.

 

Figure 5. Microscopic morphology of the microalgae in the MPBR (a) before and (b) after decay.

For the MPBR system, particle size is very important for membrane fouling formation.
It is generally believed that larger size flocs have a lower fouling potential because of
their lower adhesive ability and looser cake layer that can be formed [39,40]. From this
aspect, it seems that the occurrence of decay favors membrane fouling control because of
the improved floc size. However, it should be noted that microalgae decay also leads to
the release of the cytoplasm, which will increase the type and content of pollutants in the
system and then may aggravate membrane fouling [41,42]. Therefore, the final effect of
microalgae decay on membrane fouling mainly depends on the comprehensive influence
degree of the above two opposite factors (increased floc size and foulants content).

3.3.2. EPS and SMP

Figure 6 compares the EPS and SMP values of the microalgal suspension before and
after the occurrence of decay. It can be seen from Figure 6a that the amount of carbohydrates,
proteins, and total EPS was comparable before the occurrence of decay, while gradually
decreasing after the occurrence of decay. These results suggested that the microalgae
flocs remained in a stable state before the occurrence of decay. However, after the decay
occurred, a large number of microalgae cells died and decomposed suddenly, which
led to the decomposition and corresponding decrease in EPS (from 26.18 ± 1.99 mg/g
MLSS on day 23 to 11.61 ± 0.57 mg/g MLSS on day 25). Generally, EPS is considered a
protective substance secreted by organisms to prevent them from being harmed in adverse
environments [43,44]. As for membrane-related systems, a lower EPS is preferred because a
higher EPS content would accelerate the formation of membrane fouling [45,46]. Therefore,
according to the results obtained, it can be speculated that with the gradual increase in
biomass concentration, the stress of photoinhibition and bacteria growth was too severe to
be resisted by EPS secretion. On the other hand, it also suggests that the microalgae flocs
after the occurrence of decay had better anti-fouling properties.
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Figure 6. Comparison of the (a) EPS and (b) SMP content before and after decay.

Figure 3b shows that the contents of total SMP gradually decreased from 52.63 ± 1.66 mg/L
on day 4 to 15.41 ± 0.79 mg/L on day 19 (before the occurrence of decay), suddenly sharply
increased to 84.68 ± 1.14 mg/L on day 23, and then gradually decreased to 39.75 ± 1.50 mg/L
on day 25 (after the occurrence of decay). The variation trend in the protein was the same as that
of the total SMP both before and after decay. SMPs are generally defined as biomass-released
biopolymers and EPS hydrolysis is an important source of SMPs [45,47]. As illustrated above,
the sudden increase in SMP corresponded to the decrease in EPS, reasonably demonstrating
the outlet of the decreased EPS. SMPs also play a vital role in membrane fouling, especially
when the main form of membrane fouling is gel layer formation, the increase in SMP content
will significantly promote the increase in filtration resistance [42,48–50]. Therefore, after the
occurrence of decay, the variation trends in EPS and SMP exhibited the opposite effects on
membrane fouling. The comprehensive effects of EPS and SMP will rely on the main format of
membrane fouling in the system.

3.3.3. Membrane Fouling Performance

The variations in TMP and flux for the MPBR system are displayed in Figure 7. It can
be seen that the flux remained relatively constant and the TMP gradually increased with
little fluctuation during the whole experimental period. The TMP increased from 1.69 kPa
to 3.72 kPa before microalgae decay and then gradually reached 4.74 kPa after microalgae
decay. Overall, there is no significant increase in TMP after the occurrence of decay. As
stated above, the flocs size and EPS content exhibited the opposite effect when compared
with the SMP content for the membrane fouling formation. The small rise in TMP further
demonstrated that membrane fouling formation is the comprehensive interaction results of
various factors.
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Figure 7. Variations in TMP and flux for the MPBR system.

3.4. Implications of High SRT for Long-Term Municipal Wastewater Treatment in MPBR

The occurrence of microalgae decay on the 23rd day suggests that the MPBR system
cannot maintain long-term operation under a high SRT for municipal wastewater treatment.
The occurrence of microalgae decay had a great impact on the MPBR system, which was
reflected by the significant changes in the microalgae biomass, chlorophyll-a content,
effluent quality, and the microalgae properties before and after the occurrence of decay.

Before the occurrence of decay, the microalgae biomass gradually increased, the
chlorophyll-a and EPS content remained stable, and the TN and TP removal remained
steady after a period of adaptation. The removal rate of TN and TP reached 10.54 and
2.14 mg/(L·d), respectively, which was comparable to or higher than that of most of
the results that were previously reported [11,18,51]. From this aspect, it is feasible and
promising to utilize microalgae for municipal wastewater treatment and microalgal biomass
accumulation in the MPBR system under a high SRT.

However, the occurrence of microalgae decay on day 23 suggests that the above-
mentioned feasibility is not always valid. That is, when the stress of the systematic environ-
ment caused by a high SRT exceeds the tolerance of the microalgae cells, the microalgae will
start to die. In the current study, the high SRT and the application of municipal wastewater
resulted in two main stresses on the microalgal cells. On the one hand, under high SRT
operating conditions, the concentration of biomass gradually increased, which had a signif-
icant impact on light transmission. Ma et al. pointed out that all the light spectra attenuate
exponentially with the light path based on a modified Cornet model for light transmission
in the microalgal suspension [52]. In addition, the higher the microalgae concentration
in the system, the faster the light attenuates at the same light path distance [52]. In this
study, because of the separation effect of the membrane, the microalgae concentration
(3.48 g/L) was very high compared with previous studies [14,18,22,53]. As a result, the
photo masking effect was serious in the system. The severe insufficient light apparently
will lead to fierce competition for light among the microalgae. On the other hand, unlike
secondary effluents often reported in the literature, municipal wastewater has medium-
strength organic matter, which provides a breeding ground for bacterial growth. In fact,
the relationship between microalgae and bacteria is complex. They are cooperative and
competitive [33,34]. Although suitable bacteria can provide CO2 for microalgae and thus
facilitate the growth of microalgae, bacteria can also secrete toxic substances that limit the
growth of microalgae [37]. Moreover, the growth of bacteria would preempt the growth
space of microalgae and enhance the photo masking effect, which indirectly reduces the
light transmission rate and enhances light competition among the microalgae. In this work,
the microalgae started to die when the biomass content increased to 3.48 g/L. This indicated
that the stress of the microalgal cells had reached the limit, which eventually led to the lysis
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of a large number of microalgal cells. Therefore, for MPBR systems operating at a high
SRT, there should be a critical biomass concentration above which microalgae decay would
occur. If the biomass can be effectively removed and always maintained below the critical
value, then the total environmental stress can be controlled within the tolerance range of
the microalgae, and the long-term stable operation can be maintained in the MPBR system.

After the decay occurred, the microalgae biomass, chlorophyll-a content, and nutrients
removal decreased. From the perspective of biological performance, the occurrence of decay
will not only reduce the biomass accumulation, but also reduce the effluent quality. The
recovery of effluent quality required one week or even longer, and thus must be prevented
in practice. Otherwise, the unsatisfactory effluents will enter the water body and cause
problems such as eutrophication. On the other hand, from the perspective of membrane
fouling, the particles became larger and the EPS content decreased, indicating that the
microalgae flocs after decay had a better antifouling performance. However, the increased
SMP suggested that more colloid-like substances were released into the system because of
the occurrence of decay, which is beneficial to membrane fouling formation. As membrane
fouling is the result of the comprehensive interactions of various factors, no significant
TMP increase was observed after the occurrence of decay (Figure 7).

The above results provide some implications for municipal wastewater treatment and
membrane fouling control in MPBR systems. According to the results in this work, a critical
biomass concentration above which microalgae decay would occur exists. The MPBR
system cannot maintain long-term operation under a high SRT for municipal wastewater
treatment because the biomass concentration that can be achieved under a high SRT is too
high. Therefore, to avoid microalgae decay, periodic biomass removal is required to control
the environmental stress within the tolerance range of the microalgae. In addition, for
MPBR, microalgae cells of a small size can more easily adhere to the membrane than sludge
to form a filter cake layer, which will lead to serious membrane fouling problems [39]. Based
on the above results, if a method or operating conditions can help flocculate free microalgal
cells into flocs and prevent the increase in SMP content, the problem of membrane fouling
can be significantly reduced. As a result, the subsequent enrichment and collection of
microalgal biomass will also be facilitated because of the enlarged floc size.

It should be noted that, despite the valuable inspiration provided by this work, a
distinctive limitation of this study is the design of a single experimental run. Although the
single experimental run setting is not a special case and has been extensively applied in
previous studies regarding MPBR [20,22,23], a duplicate design would be better and can
avoid misinterpretation. In addition, too much biomass and bacterial development were
speculated as to the potential reasons for microalgae decay. Apparently, the speculation
was based on previous literature and the results obtained in this study. Nevertheless, their
respective effects were not independently demonstrated in the current work. Therefore,
further studies can be conducted on the following aspects in the future. For instance, finding
the optimal HRT value by setting up experimental groups with HRT as a single variable.
Afterwards, under the optimized HRT, several MPBRs can be operated in parallel with the
long-term treatment of municipal wastewater. The effect of biomass concentration on the
occurrence of decay can be confirmed by setting different SRTs. Furthermore, as organic
matter could provide a breeding ground for bacterial growth, two types of wastewater,
with and without organic matter, can be used as feed to verify the effects of bacterial
development on the occurrence of decay.

4. Conclusions

In the current study, a lab-scale submerged MPBR was operated to treat synthetic
municipal wastewater at a long SRT of 50 d. It was found that serious microalgae decay
occurred on day 23, which had a great impact on the MPBR performance and the bio-
logical properties of the microalgae particles. A comparison of the microalgae properties
showed that the biomass concentration, chlorophyll-a/MLSS, and effluent quality sharply
decreased. However, the floc size increased, the EPSs content decreased, and the SMPs
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content increased. This suggests that the biological performance of the MPBR deteriorated
while the antifouling performance of the microalgae flocs improved. However, the filtration
resistance had no significant increase due to the comprehensive interactions of the floc size,
EPSs, and SMPs. The occurrence of microalgae decay suggested that the MPBR system
cannot maintain long-term operation under a high SRT for municipal wastewater treat-
ment. The occurrence of decay was attributed to the double stresses from the light shading
and intraspecific competition under a high biomass concentration. As a result, to avoid
microalgae decay, periodic biomass removal is suggested to control the environmental
stress within the tolerance range of the microalgae. Further studies are required in order to
explore the underlying mechanism of the occurrence of decay in the future.
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Abstract: In this study, the water purification effect and membrane fouling mechanism of two
powdered activated carbons (L carbon and S carbon) enhancing Polyvinylidene Fluoride (PVDF)
ultrafiltration (UF) membranes for surface water treatment were investigated. The results indicated
that PAC could effectively enhance membrane filtration performance. With PAC addition, organic
removal was greatly enhanced compared with direct UF filtration, especially for small molecules,
i.e., the S-UF had an additional 25% removal ratio of micro-molecule organics than the direct UF. The
S carbon with the larger particle size and lower specific surface area exhibited superior performance
to control membrane fouling, with an operation duration of S-UF double than the direct UF. Therefore,
the particle size and pore structure of carbon are the two key parameters that are essential during the
PAC-UF process. After filtration, acid and alkaline cleaning of UF was conducted, and it was found
that irreversible fouling contributed the most to total filtration resistance, while the unrecoverable
irreversible resistance ratio with acid cleaning was greater than that with alkaline cleaning. With PAC,
irreversible UF fouling could be relieved, and thus, the running time could be extended. In addition,
the membrane foulant elution was analyzed, and it was found to be mainly composed of small and
medium molecular organic substances, with 12% to 21% more polysaccharides than proteins. Finally,
the hydrophilicity of the elution was examined, and it was observed that alkaline cleaning mainly
eluted large, medium, and small molecules of hydrophilic and hydrophobic organic matter, while
acid cleaning mainly eluted small molecules of hydrophilic organic matter.

Keywords: powdered activated carbon; ultrafiltration; particle size; cleaning; fouling

1. Introduction

Powdered activated carbon (PAC) adsorption is a powerful and easily adjustable
technology due to the effective removal of many contaminants [1–3]. The process of PAC
adsorption to remove aquatic contaminants from natural water can be described with a
three-step transition, i.e., from water to carbon, then to the carbon surface, and finally to
the binding sites [4].

Membrane filtration has been identified as a safe barrier to microorganisms, suspended
particles, and colloids through size exclusion, and ultrafiltration (UF) can be such a way
to remove contaminants from surface water for its compactness, easy automation, and
high removal ratio of turbidity [5–7]. However, membrane fouling is an urgent problem in
membrane technology applications for water and wastewater treatment [6,8–10]. Hybrid
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PAC-microfiltration/ultrafiltration (MF/UF) has become an emerging water treatment
technology for the thermos dynamically unstable surface and widely commercial avail-
ability of PAC [1,11]. Meanwhile, by reducing acid-base interaction energy, PAC can also
control membrane fouling [12]. In the PAC-UF/MF process, PAC can effectively relieve
membrane fouling since PAC can reduce the natural organic matter (NOM) deposition
on the membrane surface or in the pores, thus extending the membrane filtration cycle
and even enhancing organic matter adsorption and removal more than two-fold [13,14].
However, there are still some contradictory results regarding PAC influence on membrane
filtration performance. Some researchers found that the higher the permeate flux, the
longer the filtration duration or the lower the frequency of chemical washing [15,16]. In
contrast, others reported that PAC-UF exhibited a similar flux to UF, and even flux decline
occurred [17–19]. In the study of Shao et al., it was found that external fouling was caused
by the deposition of biological PAC on the membrane surface, and during the operation of
PAC-MBR, low flux and effective physical cleaning protocols were needed [20].

The effect of PAC on membrane fouling can be attributed to the membrane charac-
teristics of hydrophobicity. Some authors have reported that PAC could reduce the flux
decline of hydrophilic membranes to some extent, but it has almost no influence on the
flux of the hydrophobic membranes [21,22]. Meanwhile, PAC has a mechanical effect on
the performance of the membrane, as it is not usually separated in front of the membrane
process. In other words, they influence the membrane process through the adsorption of
solutes as well as through their properties as geometric bodies [18].

Since the different types of PAC with various properties can be responsible for the oper-
ation results of the PAC-UF system, the objective of this study is to investigate the operation
process and the fouling control effect of two different types of PAC with different particle
sizes and pore structures on the UF filtration process, especially for the long duration of
combined operations for surface water treatment. In addition, the UF membrane cleaning
effect associated with membrane resistance and elution characteristics is also analyzed
systematically, such that the mechanism of PAC properties on UF performance could be
elucidated. Before the detailed results are reported, the materials and methodologies are
first reported in the following section.

2. Materials and Methodologies

2.1. PAC

Two commercial powdered activated carbons were used in this study, i.e., Li yuan
carbon (L carbon, Fujian Yuanli Active Carbon Co., Ltd., Nanping, China) and Su carbon
(S carbon, Suzhou Water Supply Co., Ltd., Suzhou, China). They were added during
filtration to keep the mixed liquor suspended solids (MLSS) in the mixing reactor at
about 4 g/L. At the beginning of the operation, an appropriate amount of glucose was
artificially added to promote the growth of microorganisms. After each sampling, carbon
was replenished to maintain the stability of the MLSS.

The two carbon size distributions were similar, mainly between 10 and 100 μm
(Figure S1 and Table S1 in Supplementary Materials). The average particle size of the L car-
bon was smaller. The pore volume of the two types of carbons varies in different pore
size ranges, but the pore volume of L carbon was generally larger than that of S carbon,
especially in the pore size range of 0–15 nm (Figure S2). The specific surface area of
the activated carbons was composed of micropore (d < 2.0 nm) and primary mesopore
(d < 5.0 nm) (Figure S3), with L carbon much larger than S carbon. The content of acidic
oxygen-containing functional groups on the surface of L carbon was higher, while the
content of basic oxygen-containing functional groups on the surface of S carbon was larger
(Table S2).

2.2. Source Water

The raw water was collected from Sanhaowu Lake at Tongji University, Shanghai,
China. The pH, turbidity, DOC, UV254, NH4-N values of the water sample were 7.90 ± 0.06,
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2.83 ± 1.18 NTU, 3.27 ± 0.63 mg/L, 0.068 ± 0.009 cm−1 and 0.50 ± 0.38 mg/L (n = 8),
respectively.

2.3. PAC-UF Experimental Setup

Two reactors, A and B, were used in the experiment. Rector A was a direct UF filtration
setup, and Reactor B was an activated carbon-reinforced setup. Both adopted immersed
hollow fiber membrane filtration, with the setup diagrams shown in Figure S4.

The Polyvinylidene Fluoride (PVDF) ultrafiltration membrane used in this study has a
membrane pore size of 0.05 μm and an effective surface area of about 0.12 m2 in a single
module. The membrane flux was set to 30 L/(m2·h). The device adopted a negative suction
pressure for filtration. After the initial sinking, the raw water was injected into the mixing
tank with the feed water pump, and the liquid level of the mixing tank was controlled with
a high-level floating ball valve. The mixing tank was connected with the submerged UF
membrane tank, and the total volume of the mixed liquid of the two tanks was always
maintained at about 16 L. Perforated pipe aerators were installed at the bottom of the
mixing tank and the UF membrane tank. The membrane permeate was stored in a clean
water tank, and excess water was discharged through the overflow pipe.

2.4. Membrane Cleaning Protocol

The contaminated membrane module was disassembled from the reactor after the
experiment. In order to distinguish the source and size of reversible pollution from ir-
reversible pollution, the physical and chemical cleaning of the contaminated membrane
was carried out. In the chemical cleaning, HCl and NaOH solutions with the same mass
concentration of 0.2 wt% were adopted. The cleaning setup diagram is shown in Figure S5.

The two cleaning tanks were connected in the middle, and a quantitative amount of
ultrapure water (physical cleaning) or chemical cleaning liquid (chemical cleaning) was
poured into the tank; after the fouled membrane module was fixed, water was supplied
from pipeline 7 and discharged from pipeline 5. When the cross-flow cleaning mode was
turned on, the cleaning liquid was supplied with water from pipeline 6; when the backwash
mode was turned on, the water was supplied from pipeline 8. The cleaning cycle mode
was automatically controlled with the Programmable Logic Controller (PLC). After these
operations, the cleaning solution and membrane module were collected for subsequent
analysis.

2.5. Analytical Methods
2.5.1. Extracellular Polymeric Substances (EPS)

The concentration of EPS in the water sample was quantitatively calculated by analyz-
ing the content of carbohydrates (soluble polysaccharides) and proteins. Carbohydrates
were determined with an anthrone colorimetric assay, and proteins were measured with
the modified Lowry method [23,24].

2.5.2. Determination of Relative Molecular Weight Distribution

In this study, a high-performance size exclusion chromatography-UV detector-TOC
detector (HPSEC-UV-TOC, with UV detector from Waters USA, and TOC detector from
Shimadzu, Tokyo, Japan) was used to determine the molecular weight distribution (MW)
of organic matter. The column was TSK-GEL G3000PWXL (Japan TOSOH Co., Ltd., Tokyo,
Japan), measuring 7.8 mm × 300 mm, and the material was a methacrylate copolymer. The
guard column was made of a TSK-GEL PWXL Guard column measuring 6.0 mm × 40 mm.

2.5.3. Three-Dimensional Excitation-Emission Matrix (EEM) Fluorescence Spectroscopy

A VARIAN Cary Eclipse fluorescence spectrophotometer (Agilent Technologies, Inc.,
La Jolla, CA, USA) was applied in this study. The excitation source was a xenon lamp,
with an excitation wavelength of 200–400 nm, the emission wavelength of 250–550 nm,
the excitation slit width of 10 nm, an emission slit width of 2 nm, and a scanning speed of
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12,000 nm/min. The fluorescence intensity was reduced with decreasing pH. Therefore, the
pH of the water sample was adjusted to about 7.0 before the measurement, and then tested
at room temperature (25 ◦C) using a 1 cm fluorescent cuvette. To eliminate the effects of pure
water, the blank experiment was measured with ultrapure water before scanning the sample.
The resulting data was processed into contour plots using Origin 8.5 and Surfer 8.0 software
(OriginLab, Northampton, MA, USA) to characterize the fluorescence information of the
organics in the sample. The fluorescent region boundaries and characteristic substance
types are displayed in Table S3 [25,26].

2.5.4. Separation of Hydrophilic and Hydrophobic Components

The DAX and XAD resin separation methods can be used to separate NOM into three
components. DAX-8 and XAD-4 resins were adopted to adsorb and elute hydrophobic
components (HPO) and transphilic components (TPI). If it was not retained by the above
two resins, it was a hydrophilic component (HPI). The water sample was filtered through a
0.45 μm filter and 250 mL was collected for separation. The effluent pH was adjusted to
2.0 with a 5 mol/L HCl, and 50 mL passed through the DAX-8 and XAD-4 ion exchange
columns trapped in series at a flow rate of 1.5 to 2.5 mL/min. Then, the two columns
were eluted with 0.1 mol/L NaOH each at a flow rate of 0.5 to 1.0 mL/min to obtain the
HPO and HPI components, respectively. The organic component that was not adsorbed
through the two columns was the HPI component. After adjusting the pH of the HPO, TPI,
and HPI solutions to about 7.0, the corresponding DOC, UV254 and MW distribution were
measured.

3. Results and Discussion

3.1. Membrane Operating Conditions and Variations in Organic Matter
3.1.1. Effect of Filtration Performance and Variation in Organic Matter Removal

The effects of operating conditions (direct UF, S carbon, and L carbon) on the TMP
variations are illustrated in Figure 1. It could be observed that the TMP increased slowly at
different operating conditions in the initial stage of operation, and the TMP of the direct UF,
L-UF (the enhanced reactor with L carbon addition was abbreviated as L-UF), and S-UF
(the enhanced reactor with S carbon addition was abbreviated as S-UF) increased rapidly
after 12, 16, and 26 days. The direct UF filtration, L-UF, and S-UF conditions lasted 15 d,
22 d, and 30 d, respectively, when serious membrane fouling occurred with the TMP above
70 kPa. Thus, after adding PAC, the operation cycle was prolonged, with the S-UF reactor
exhibiting superior performance, which was probably attributed to that PAC could adsorb
the organics in the reactor, thus reducing the UF membrane fouling.

Figure 1. Effects of operating conditions on TMP performance.

Figure S6 provides the removal ratio of DOC and UV254 for all three operations.
Clearly, after PAC addition, the removal effect of the reactor on DOC was significantly
improved compared with direct UF filtration. The DOC removal ratio of direct UF filtration
was only about 7%, while the removal ratio of L-UF was 55% and 47% for S-UF after
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PAC strengthening. Similar to the DOC, the PAC-UF had a much higher UV254 removal
ratio of above 50%, while the direct UF exhibited a much lower ratio of around 15%. This
may be due to that PAC had a large specific surface area and could adsorb some organic
matters [27]. At the same time, the PAC concentration in the mixing tank was stable at
about 4 g/L, which provided an attachment carrier for the microorganisms. After the initial
bioaugmentation, the microorganisms gradually adhered to the surface of the PAC to form
a biofilm, which could degrade the organic matter together with the unattached microbial
flocs [28].

The removal ratio of the UV254 in the reactor with S carbon addition was slightly
higher than that with L carbon, which may be ascribed to the following reasons, i.e., the
surface of the S carbon had more basic groups, and it was easier to adsorb the organic
substances with ultraviolet response; the microorganisms presented in the S-UF mixing
tank had a higher removal ratio of organic substances with ultraviolet response [29]. In
addition, the average removal ratio of UV254 of L-UF and S-UF was higher than that of DOC,
which may be due to that microorganisms in the mixing tank were more likely to degrade
organic substances with strong absorption of ultraviolet rays containing unsaturated bonds.
In addition, the DOC and UV254 of the effluent exhibited similar fluctuations with the raw
water, extrapolating that the UF membrane itself could also intercept the organic matter,
but the effect was greatly affected by the original water content [30].

3.1.2. EPS Variation

Figure 2 provides the variation of soluble EPS content in raw water, L-UF, and S-UF
mixtures and Table S4 presents the ANOVA statistical analysis using Tukey’s test of the
comparison of EPS concentration in terms of both protein and polysaccharide from the
raw water, the L-UF and S-UF reactors in the initial, middle and later stages. As shown in
Figure 2, the protein content was lower than that of the polysaccharide for the three water
qualities. After adding carbon, the protein and polysaccharide content of the mixture were
significantly higher than the raw water during the whole operation. It could be deduced
that there were active microorganisms in the mixture, and as the operation proceeded, the
content of protein and polysaccharide in the mixture of L-UF and S-UF demonstrated a
trend of increasing first and then decreasing. The variation of protein and polysaccharide
contents in the raw water was smaller in the middle and later stages than in the mixture,
surmising that there was an increase or decrease in the proliferation and metabolism of
the cultured microorganisms. Meanwhile, the EPS content of the S-UF mixture was higher
than that of L-UF, especially in the middle and later stages, indicating that the microbial
metabolism in S-UF was more vigorous, which might result from the favored growth of
microorganisms in the larger pore volume of the S carbon.

Figure 2. Variation in soluble EPS content in raw water and mixed liquor in L-UF and S-UF reactors.
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In addition, the increase in the EPS content in the reactor could lead to an increment in
the particle size of mixed liquor. Table S5 presents the variation in particle size of the mixed
liquor during the operations. It can be observed that the particle size in both the L-UF and
S-UF reactors increased when the filtration proceeded. Specifically, the size grading in the
S-UF reactor is more significant, toward the right, i.e., a larger particle size (Figure S7). In
the middle stage of the operation, the average particle size of the mixed liquor was over
200 μm in S-UF, which was much larger than that in the L-UF. Thus, the EPS in the S-UF
was much higher than that in the L-UF (Figure 2).

3.1.3. Molecular Weight (MW) Distribution

The molecular weight distribution of the water samples in the raw water, effluent,
and mixing tank were examined, and the results are shown in Figure 3. From Figure 3a,b
the organic matter in raw water could be divided into three sections, i.e., macromolecule,
medium molecule and small molecule. In the initial stage of operation, the peak of macro-
molecules in the mixture of L-UF and S-UF was very low, while it was very strong for
medium and small molecules. Meanwhile, the medium and small molecular peaks of the
organic matter in the reactor and effluent reduced as compared with that in the raw water,
indicating the content of humic organic matter and small molecular protein in the incubator
had a considerable decline. According to the analysis of the nature of the activated carbon,
the decrease of L-UF was larger than that of S-UF. This may be due to that the adsorption
capacity of L carbon was stronger, and at this time, the growth of L-UF microorganisms
was earlier. In the middle of the operation, there was no significant change in L-UF, i.e., the
peak of macromolecules was small, and the decrease of small and medium molecules was
similar to that in the initial stage. However, the peak of the macromolecules was observed
in the mixture of S-UF, with the intensity much larger than that in the raw water. The
content of small molecules decreased significantly. This may be attributed to the fact that
the microbes in S-UF proliferated and the hypermetabolism was enhanced. A large number
of hydrophilic small molecules could be degraded or synthesized into macromolecular
organics, but the microbial activity in L-UF showed no significant change. At the end of
the operation, the reduction of organic matter in the molecular weight range of the two
working conditions significantly decreased, and the removal effect was slightly worse than
in the medium and early stages. The reason for the performance may be that the microbial
activity decreased with the decline of the microbial organic matter, the degradation ability
of the small molecule organic matter was reduced, and some sedimentation occurred.

Figure 3. Cont.
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Figure 3. (a,b) MW variations of the mixed liquor in the L-UF reactor and S-UF reactor, and (c) removal
ratio of different interval molecular weights.

The peak area of Peakfit was used to calculate the percentage of each molecular weight
range. Comparing the molecular weight content of the mixture in the L-UF and S-UF mixing
tanks (Figure 3a,b), it could be seen that the content of both macromolecules increased and
then decreased. The variation of medium and small molecules was the same, and they were
decreasing first, then increasing, and then decreasing. This phenomenon may be attributed
to the microbial activity and the fluctuation of raw water quality. The medium molecular
content of the S-UF mixture was lower than that of L-UF. The reason may be as follows,
i.e., PAC showed an obvious adsorption effect at the initial stage of operation, especially
for adsorbing small molecular substances, but the adsorption was quickly weakened, and
the amount of carbon added per day was small, relying solely on PAC; the addition of
PAC was beneficial to the growth of microorganisms, and in the process, microorganisms
selectively consumed a higher proportion of smaller molecular weight organic matter,
synthesized, and produced macromolecular substances during metabolism. The separation
principle of the UF membrane made it easier to retain large molecules. Therefore, the
macromolecular organic matter was accumulated in the mixing tank, and the decrease in
the later stage may be due to the influence of the decrease of the microbial metabolic rate
and the fluctuation of the raw water quality. It has been reported that PAC particle size
significantly affects the growth environment of microorganisms in the system [31,32]. The
smaller the PAC particle size, the more obvious the growth of microorganisms in the system
was inhibited. As shown in Figures S1–S3, comparing with the L carbon, the S carbon has a
larger average particle size and a relatively larger pore volume in 0–5 nm and over 30 nm.
The larger particle size and pore volume of S carbon may provide a more favorable growth
environment for microorganisms. Therefore, more microbes, more metabolism, and more
synthetic macromolecules were produced in the S-UF reactor.

From the removal ratio results, as shown in Figure 3c, the direct UF filtration had a
good retention effect on macromolecules, with a removal ratio of over 80%. After adding
activated carbon, the removal ratio increased to 96% or even more. UF membranes have
the ability to retain medium and small molecules, especially for small molecules (less than
20%). This was owing to that membrane filtration was one of the mechanical actions, which
included adsorption, blockage, and mechanical retention [33]. Contaminants with particle
size larger than the membrane pore size could be effectively retained [34]. Clearly, the
addition of PAC enhanced the removal effect of NOM. Regardless of the carbon added,
the total removal ratio of the effluent from large, medium, and small molecules relative
to raw water was increased compared with direct UF filtration, and the removal ratio of
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small molecules was the largest. After being activated by PAC, it exceeded 40%. However,
the removal ratio of small molecular substances exhibited a minimum value. This was
attributed to the fact that the composition of the mixture after carbon addition had a
significant reduction in small molecules, and some weakly polar and biodegradable small
molecular organic substances were consumed by the activated carbon adsorption and
biological metabolism [35].

3.1.4. Three-Dimensional Fluorescence (EEM) Spectroscopy

The EEM spectra of raw water, effluent, and mixed liquor in the reactor under different
working conditions are shown in Figure 4. There were four peak regions, B, T, A, and C, in
the Sanhaowu raw water. The protein and humic areas had an obvious response, but the A
and C peaks were strong, and the B and T peaks were weak, indicating that the raw water
in the filtration test contained more humic substances and protein substances. However,
comparing the effluent of direct UF filtration, it could be observed that all four peaks of the
effluent were weakened to varying degrees, and the protein response almost disappeared,
but the humic response peak was still evident, indicating that the protein was the main
pollution leading to membrane fouling. The UF membrane could hardly remove humic
organic matter.

Figure 4. Cont.
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Figure 4. EEM spectra of the water sample of raw water, effluent, and mixing tank under different
conditions: (a) raw water; (b) direct UF filtration, effluent; (c) L-UF, initial mixture; (d) L-UF, middle
and later mixture; (e) L-UF, effluent; (f) S-UF, initial mixture; (g) S-UF, middle and later mixture; and
(h) S-UF, effluent.

It can be seen from the fluorescence spectra of the L-UF mixture in different stages of
operation that the four response peaks of the mixture were significantly weaker than the
raw water in the initial stage of operation. Although the change in the middle and later
stages was small, the A peak response could be observed, indicating that the addition of the
L carbon contributed to the removal of organic matter, especially humic organic matter, by
the UF membrane. Similar to L-UF, the peak intensity of the four peaks in the S-UF mixture
was weakened at the beginning of the operation, and the C-peak response decreased more,
suggesting that the humic organic matter was obviously decreased in the initial stage of
the mixed liquid of S-UF. The response peak of proteinaceous material may be caused by
the metabolites of raw water and initial microorganisms. In the middle and later stages,
enhanced B, T, and C peaks were observed in the mixture. This was mainly attributed to
the two sources, i.e., the part introduced by the fluctuation of raw water quality and the
metabolism and synthesis of microorganisms.

3.2. Membrane Cleaning Characteristics under Different Conditions
3.2.1. Variation of Membrane Resistance

The membrane modules of the direct UF filtration, L-UF, and S-UF conditions were
cleaned, and membrane resistance was observed as a function of TMP change. The resis-
tance distributions are displayed in Figure 5 and Figure S8. Regardless of the TMP of 10 kPa,
15 kPa, or 30 kPa, the order of the resistance of the carbonization condition was irreversible
(cleanable, acid cleaning) > irreversible (cleanable, alkaline cleaning) > inherent resistance
of the membrane > reversible (alkaline cleaning) > reversible (acid cleaning) > concentration
difference resistance. It can be seen that the highest ratio of the inherent resistance of the
membrane was 35% of the total filtration resistance in the direct UF filtration, which was
significantly higher than the PAC-UF. After the end of the three working conditions, the
irreversible resistance ratio reached over 50%, which accounted for the highest proportion
of membrane filtration resistance. This phenomenon illustrated that irreversible resistance
in the membrane filtration process was the biggest contributor to the membrane resistance
growth process. In addition, it was found that the irreversible resistance ratio of acid
cleaning was greater than that of alkaline cleaning, which indicated that for irreversible
fouling, acid cleaning had greater cleaning efficiency and produced higher membrane
recovery. The proportion of reversible resistance was much lower in direct UF filtration
than PAC-UF, which could be due to the fact that adding PAC could improve the porous
structure of the membrane cake layer, increase reversible fouling, and alleviate irreversible
fouling, thus prolonging the filtration duration.
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Figure 5. The ratio of the resistance of the membrane after cleaning: (a) direct UF filtration, alkaline
cleaning; (b) direct UF filtration, acid cleaning; (c) L-UF, alkaline cleaning; (d) L-UF, acid cleaning;
(e) S-UF, alkaline cleaning; and (f) S-UF, acid cleaning.

3.2.2. Analysis of Membrane Contaminants
Content of Organic Matter in Membrane Elution

The organic matter content of the membrane elution is shown in Table S6. It can be
seen that the DOC and UV254 values of the alkaline cleaning liquid were the highest in each
working condition, followed by acid cleaning, and the lowest physical washing, indicating
that the alkaline cleaning could elute more. Comparing the organics in the alkaline cleaning
and acid cleaning of the L-UF and S-UF conditions, it could be found that the DOC in the
respective alkaline cleaning and acid cleaning was quite different, but the UV254 values
were similar, indicating that the acid cleaning could elute more easily the substances that
respond to ultraviolet light. The DOC in the alkaline cleaning and acid cleaning of L-UF
were lower than that of S-UF, but the corresponding UV value was larger than that of
S-UF, indicating that in the L-UF cleaning solution, UV responses, such as humic acid and
aromatic organic compounds containing carbon-oxygen double bonds, accounted for a
higher proportion.

The content of soluble EPS in the cleaning solution is shown in Figure 6, with the
ANOVA statistical analysis using Tukey’s test of the comparison of EPS concentration
in terms of both protein and polysaccharide from the direct UF, L-UF, and S-UF reactors
with the physical, acid, and alkaline cleanings are presented in Table S7. Comparing the
EPS concentration in the membrane elution from L-UF and S-UF reactors with that from
the direct UF reactor, the three cleaning protocols all behaved significantly differently.
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While comparing the EPS concentration in the membrane elution from the L-UF reactor
with that from the S-UF reactor, the alkaline cleaning exhibited significantly different, and
the physical cleaning was not. While the acid cleaning behaved statistically significantly
different for the proteins in the membrane elution but did not for polysaccharides. As
shown in Figure 6, the content of polysaccharide and protein in the cleaning solution of
each working condition was higher than that of the previously tested mixture and raw
water, indicating that the polysaccharide and protein contributed greatly to membrane
fouling. As depicted in Figure 6, the content of EPS in the direct UF filtration was the
lowest, and the highest in the S-UF. Meanwhile, the EPS content of the cleaning solution
after acid cleaning was slightly higher than that of the alkaline cleaning, indicating that the
acid cleaning was more likely to elute polysaccharide and protein.

Figure 6. EPS content in membrane elution.

Molecular Weight Distribution

Figure 7 displays the peak separation analysis of the solution after membrane washing
using Peakfit. It could be observed that the direct UF filtration, L-UF, and S-UF had the least
proportion of macromolecules in the elution (≤15%), which could be due to the fact that
the organic matter in the elution was composed mainly of small and medium molecules.

Figure 7. Cont.
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Figure 7. The MW of the membrane elution: (a) direct UF; (b) L-UF; and (c) S-UF.

Among the alkaline cleaning of L-UF, the proportion of medium molecules was the
highest, and the other elution had the highest proportion of small molecules, indicating
that the small molecules were more likely to cause irreversible fouling of the membrane. In
addition, the proportion of small molecules in the acid cleaning solution was the highest
among the three cleaning methods, again demonstrating that acid cleaning made it easier
to elute small molecular organics [36].

Hydrophilic-Hydrophobic Property Analysis of Membrane Elution

The characteristics of the hydrophilic and hydrophobic separation organics of the
membrane elution are shown in Figure 8. Clearly, the main organic substances of the
elution were hydrophilic and strong hydrophobic components, and the proportion of
weakly hydrophobic components was less than 5%. In the same working condition, the
ratio of hydrophilic components was higher in the acid cleaning solution than in the alkaline
and physical cleaning, indicating that acid cleaning was more prone to elute the hydrophilic
components. The DOC of the alkaline cleaning liquid in the direct UF filtration condition
was mainly composed of strong hydrophobic organic matter. The strong hydrophobic
content of L-UF in the alkaline cleaning solution (43%) was higher than that of S-UF (33%),
indicating that the strong hydrophobic matter had a greater influence on membrane fouling
in L-UF. The content of hydrophilic substances in S-UF was the highest, no matter with the
alkaline cleaning or the acid cleaning, indicating that hydrophilic organic compounds had
a greater impact on membrane fouling in S-UF.
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Figure 8. Proportion of hydrophilic and hydrophobic components: (a) direct UF filtration, alkaline
cleaning; (b) direct UF filtration, acid cleaning; (c) L-UF, alkaline cleaning; (d) L-UF, acid cleaning;
(e) S-UF, alkaline cleaning; (f) S-UF, acid cleaning.

3.3. Mechanisms of Different PACs’ Effect on Membrane Filtration

Compared with the L carbon with the smaller particle size and the lower BET, the
S carbon with the larger particle size and the higher BET exhibited superior performance
in prolonging the UF filtration process, which suggests that the membrane fouling could
be better controlled. Since the small PAC particle size could inhibit the growth of microor-
ganisms in the mixed liquor, the S carbon with a larger particle size and pore volume
(d > 30.0 nm) provided a more favorable growth environment for microorganisms and
covered more EPS on their surface. Therefore, the particle size of the S carbon mixed liquor
also increased as the filtration process proceeded. At the end of the filtration, the S carbon
cake layer that formed on the UF membrane surface and contained the highest quantity of
EPS (i.e., hydrophilic substances, polysaccharide, and protein) could alleviate irreversible
fouling effectively. Thus, particle size and pore structure are the two key parameters that
should be considered for the PAC addition during the UF filtration process, which can also
be analyzed with the Hagen–Poiseuille equation, as shown in Figure 9.
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Figure 9. Mechanism of PAC addition on the UF filtration process.

4. Conclusions

In this study, the water purification effect and membrane fouling mechanism of
two PAC (L carbon and S carbon)-enhanced PVDF UF membranes on micro-polluted
water filtration were investigated. The results indicated that adding PAC could effectively
enhance the removal ratio of large, medium, and small molecules on the membrane, and
played an active role in the water purification effect and membrane fouling reduction. The
S carbon with the larger particle size and pore volume exhibited superior performance in
controlling membrane fouling. Particle size and pore structure are the two key parameters
that are essential for the PAC-UF process. The composition of the carbon-added mixture
was analyzed, and the results showed that with the increase of the operation time, the EPS
content of the S-UF mixture increased significantly. The molecular weight distribution
results showed that the content of macromolecules in the L-UF and S-UF mixtures increased
first and then decreased as the S-UF increased more. With the two PACs, the total removal
ratio of large, medium, and small molecular organic matter was increased as compared with
direct UF filtration, with the removal ratio of small molecule the largest. After acid cleaning
and alkaline cleaning, irreversible fouling played the most important role in the growth
of membrane resistance. In addition, the irreversible resistance ratio of acid cleaning was
greater than that of alkaline cleaning, indicating that for irreversible fouling, acid cleaning
could produce greater cleaning efficiency and membrane recovery. The reversible resistance
of direct UF filtration was much lower than PAC-UF, demonstrating that adding activated
carbon could improve the structure of the membrane cake layer and increase reversible
fouling, thus relieving irreversible fouling to some extent and prolonging the running
duration. Finally, through the analysis of the solution after membrane cleaning, it was
found that the elution was mainly composed of small and medium molecular organic
substances, and polysaccharides were more likely to contribute to membrane fouling
than proteins. Alkaline cleaning mainly eluted large, medium, and small molecules of
hydrophilic and hydrophobic organic matter, while acid cleaning mainly eluted small
molecules of hydrophilic organic matter.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/membranes12050487/s1, Figure S1: Particle size distri-
bution of L carbon and S carbon; Figure S2: The pore structure analysis of L carbon and S carbon;
Figure S3: The specific surface area analysis of the PAC pores; Table S1: The size distribution of
the two different activated carbons (μm); Table S2: Surface oxygen-containing functional group
of L carbon and S carbon; Figure S4: Schematic diagram of the experimental setup, (a) direct UF
filtration; (b) PAC-UF filtration; Figure S5: Cleaning process diagram; Table S3: Fluorescent region
boundaries and characteristic substance types; Figure S6: Removal effects of DOC, UV254 at different
operating conditions (direct UF filtration, L-UF and S-UF filtration); Table S4: ANOVA statistical

166



Membranes 2022, 12, 487

analysis of the comparison of EPS concentrations in the raw water, the L-UF and S-UF reactors in
the initial, middle and later stages using Tukey’s test; Table S5: The particle size variation of the
mixed liquor during operations (μm); Figure S7: The particle size variation of mixed liquor during
operations; Table S6: Organic content in the membrane elution; Table S7: ANOVA statistical analysis
of the comparison of EPS in the membrane elution from direct UF, L-UF and S-UF reactors with
physical, acid and alkaline cleanings using Tukey’s test; Figure S8: The membrane resistance in
different operations.

Author Contributions: Conceptualization, T.L. and J.L.; methodology, H.Y., J.T. and T.Y.; formal
analysis, J.T.; investigation, H.Y. and S.X.; resources, J.L.; writing—original draft, T.L. and J.T.;
writing—review and editing, T.L. and H.C.; supervision, B.D.; project administration, B.D.; funding
acquisition, T.L., J.L., H.C. and B.D. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by financial support from the National Natural Science Founda-
tion of China (No. 52100012, 51922078 and 51708130), the Natural Science Foundation of Shanghai
(No. 20ZR1460800), the Major Science and Technology Program for Water Pollution Control and
Treatment (No. 2017ZX07201001), and the Foundation of Key Laboratory of Yangtze River Water
Environment, Ministry of Education (Tongji University), China (No. YRWEF202104).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets analyzed during the current study are available from the
corresponding author on reasonable request.

Acknowledgments: The authors would like to greatly acknowledge instruction on the statistical
analysis from Jiaying Ma at Tongji University.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Cheng, X.X.; Hou, C.S.; Li, P.J.; Luo, C.W.; Zhu, X.W.; Wu, D.J.; Zhang, X.Y.; Liang, H. The role of PAC adsorption-catalytic oxida-
tion in the ultrafiltration performance for treating natural water: Efficiency improvement, fouling mitigation and mechanisms.
Chemosphere 2021, 284, 131561. [CrossRef] [PubMed]

2. Schwaller, C.; Hoffmann, G.; Hiller, C.X.; Helmreich, B.; Drewes, J.E. Inline dosing of powdered activated carbon and coagulant
prior to ultrafiltration at pilot-scale-Effects on trace organic chemical removal and operational stability. Chem. Eng. J. 2021, 414,
128801. [CrossRef]

3. Sun, L.H.; Zhu, J.Y.; Shi, P.F.; Ding, Y.; Feng, C.M. Preoxidation Combined with Powdered Activated Carbon and Ultrafiltration to
Remove Antibiotic Resistance Genes in Secondary Effluent. Environ. Eng. Sci. 2021, 38, 822–831. [CrossRef]

4. Sheng, C.; Nnanna, A.G.A.; Liu, Y.; Vargo, J.D. Removal of Trace Pharmaceuticals from Water using coagulation and powdered
activated carbon as pretreatment to ultrafiltration membrane system. Sci. Total Environ. 2016, 550, 1075–1083. [CrossRef]

5. Yu, H.K.; Li, X.; Chang, H.Q.; Zhou, Z.W.; Zhang, T.T.; Yang, Y.L.; Li, G.B.; Ji, H.J.; Cai, C.Y.; Liang, H. Performance of hollow fiber
ultrafiltration membrane in a full-scale drinking water treatment plant in China: A systematic evaluation during 7-year operation.
J. Membr. Sci. 2020, 613, 118469. [CrossRef]

6. Gao, K.; Li, T.; Zhao, Q.Q.; Liu, W.; Liu, J.X.; Song, Y.L.; Chu, H.Q.; Dong, B.Z. UF fouling behavior of allelopathy of extracellular
organic matter produced by mixed algae co-cultures. Sep. Purif. Technol. 2021, 261, 118297. [CrossRef]

7. Peters, C.D.; Rantissi, T.; Gitis, V.; Hankins, N.P. Retention of natural organic matter by ultrafiltration and the mitigation of
membrane fouling through pre-treatment, membrane enhancement, and cleaning-A review. J. Water Process. Eng. 2021, 44, 102374.
[CrossRef]

8. Pourbozorg, M.; Li, T.; Law, A.W.K. Effect of turbulence on fouling control of submerged hollow fibre membrane filtration. Water
Res. 2016, 99, 101–111. [CrossRef]

9. Wu, S.Q.; Hua, X.; Ma, B.W.; Fan, H.W.; Miao, R.; Ulbricht, M.; Hu, C.Z.; Qu, J.H. Three-Dimensional Analysis of the Natural-
Organic-Matter Distribution in the Cake Layer to Precisely Reveal Ultrafiltration Fouling Mechanisms. Environ. Sci. Technol. 2021,
55, 5442–5452. [CrossRef]

10. Meng, S.; Wang, R.; Zhang, K.; Meng, X.; Xue, W.; Liu, H.; Liang, D.; Zhao, Q.; Liu, Y. Transparent exopolymer particles
(TEPs)-associated protobiofilm: A neglected contributor to biofouling during membrane filtration. Front. Environ. Sci. Eng. 2021,
15, 64. [CrossRef]

11. Huang, W.; Wang, L.; Zhou, W.; Lv, W.; Hu, M.; Chu, H.; Dong, B. Effects of combined ozone and PAC pretreatment on
ultrafiltration membrane fouling control and mechanisms. J. Membr. Sci. 2017, 533, 378–389. [CrossRef]

167



Membranes 2022, 12, 487

12. Liu, J.; Tian, J.; Wang, Z.; Zhao, D.; Jia, F.; Dong, B. Mechanism analysis of powdered activated carbon controlling microfiltration
membrane fouling in surface water treatment. Colloid. Surf. A 2017, 517, 45–51. [CrossRef]

13. Campinas, M.; Rosa, M.J. Assessing PAC contribution to the NOM fouling control in PAC/UF systems. Water Res. 2010, 44,
1636–1644. [CrossRef] [PubMed]

14. Khan, M.M.; Takizawa, S.; Lewandowski, Z.; Habibur Rahman, M.; Komatsu, K.; Nelson, S.E.; Kurisu, F.; Camper, A.K.;
Katayama, H.; Ohgaki, S. Combined effects of EPS and HRT enhanced biofouling on a submerged and hybrid PAC-MF membrane
bioreactor. Water Res. 2013, 47, 747–757. [CrossRef]

15. Konieczny, K.; Klomfas, G. Using activated carbon to improve natural water treatment by porous membranes. Desalination 2002,
147, 109–116. [CrossRef]

16. Parameshwaran, K.; Fane, A.G.; Cho, B.D.; Kim, K.J. Analysis of microfiltration performance with constant flux processing of
secondary effluent. Water Res. 2001, 35, 4349–4358. [CrossRef]

17. Matsui, Y.; Sanogawa, T.; Aoki, N.; Mima, S.; Matsushita, T. Evaluating submicron-sized activated carbon adsorption for
microfiltration pretreatment. Water Treat. 2006, 6, 149–155. [CrossRef]

18. Meier, J. Mechanical influence of PAC particles on membrane processes. J. Membr. Sci. 2010, 360, 404–409. [CrossRef]
19. Yiantsios, S.G.; Karabelas, A. An experimental study of humid acid and powdered activated carbon deposition on UF membranes

and their removal by backwashing. Desalination 2001, 140, 195–209. [CrossRef]
20. Shao, S.; Qu, F.; Liang, H.; Chang, H.; Yu, H.; Li, G. Characterization of membrane foulants in a pilot-scale powdered activated

carbon–membrane bioreactor for drinking water treatment. Process Biochem. 2014, 49, 1741–1746. [CrossRef]
21. Mozia, S.; Tomaszewska, M.; Morawski, A.W. Studies on the effect of humic acids and phenol on adsorption-ultrafiltration

process performance. Water Res. 2005, 39, 501–509. [CrossRef] [PubMed]
22. Shi, X.; Tal, G.; Hankins, N.P.; Gitis, V. Fouling and cleaning of ultrafiltration membranes: A review. J. Water Process Eng. 2014, 1,

121–138. [CrossRef]
23. Li, T.; Law, A.W.K.; Jiang, Y.S.; Harijanto, A.K.; Fane, A.G. Fouling control of submerged hollow fibre membrane bioreactor with

transverse vibration. J. Membr. Sci. 2016, 505, 216–224. [CrossRef]
24. Zhao, F.C.; Zhang, Y.L.; Chu, H.Q.; Jiang, S.H.; Yu, Z.J.; Wang, M.; Zhou, X.F.; Zhao, J.F. A uniform shearing vibration membrane

system reducing membrane fouling in algae harvesting. J. Clean. Prod. 2018, 196, 1026–1033. [CrossRef]
25. Her, N.; Amy, G.; McKnight, D.; Sohn, J.; Yoon, Y. Characterization of DOM as a function of MW by fluorescence EEM and

HPLC-SEC using UVA, DOC, and fluorescence detection. Water Res. 2003, 37, 4295–4303. [CrossRef]
26. Sim, L.N.; Chong, T.H.; Taheri, A.H.; Sim, S.T.V.; Lai, L.; Krantz, W.B.; Fane, A.G. A review of fouling indices and monitoring

techniques for reverse osmosis. Desalination 2018, 434, 169–188. [CrossRef]
27. Wang, H.; Qu, F.; Ding, A.; Liang, H.; Jia, R.; Li, K.; Bai, L.; Chang, H.; Li, G. Combined effects of PAC adsorption and in situ

chlorination on membrane fouling in a pilot-scale coagulation and ultrafiltration process. Chem. Eng. J. 2016, 283, 1374–1383.
[CrossRef]

28. Gao, W.; Liang, H.; Ma, J.; Han, M.; Chen, Z.-L.; Han, Z.-S.; Li, G.-B. Membrane fouling control in ultrafiltration technology for
drinking water production: A review. Desalination 2011, 272, 1–8. [CrossRef]

29. Davini, P. Adsorption and Desorption of So2 on Active-Carbon-the Effect of Surface Basic Groups. Carbon 1990, 28, 565–571.
[CrossRef]

30. Chew, C.M.; Aroua, M.K.; Hussain, M.A. Advanced process control for ultrafiltration membrane water treatment system. J. Clean.
Prod. 2018, 179, 63–80. [CrossRef]

31. Ozkaya, B.; Kaksonen, A.H.; Sahinkaya, E.; Puhakka, J.A. Fluidized bed bioreactor for multiple environmental engineering
solutions. Water Res. 2019, 150, 452–465. [CrossRef] [PubMed]

32. Tan, L.C.; Lens, P.N.L. Addition of granular activated carbon during anaerobic oleate degradation overcomes inhibition and
promotes methanogenic activity. Environ. Sci.-Water Res. 2021, 7, 762–774. [CrossRef]

33. Thongmak, N.; Sridang, P.; Puetpaiboon, U.; Héran, M.; Lesage, G.; Grasmick, A. Performances of a submerged anaerobic
membrane bioreactor (AnMBR) for latex serum treatment. Desalin. Water Treat. 2015, 57, 20694–20706. [CrossRef]

34. Zhao, F.; Chu, H.; Yu, Z.; Jiang, S.; Zhao, X.; Zhou, X.; Zhang, Y. The filtration and fouling performance of membranes with
different pore sizes in algae harvesting. Sci. Total Environ. 2017, 587–588, 87–93. [CrossRef] [PubMed]

35. Xing, L.; Fabris, R.; Chow, C.W.K.; van Leeuwen, J.; Drikas, M.; Wang, D. Prediction of DOM removal of low specific UV
absorbance surface waters using HPSEC combined with peak fitting. J. Environ. Sci. 2012, 24, 1174–1180. [CrossRef]

36. Zularisam, A.W.; Ismail, A.F.; Salim, R. Behaviours of natural organic matter in membrane filtration for surface water treatment—A
review. Desalination 2006, 194, 211–231. [CrossRef]

168



Citation: Guo, J.; Zhang, Y.; Chen, F.;

Chai, Y. A Membrane with Strong

Resistance to Organic and Biological

Fouling Using Graphene Oxide and

D-Tyrosine as Modifiers. Membranes

2022, 12, 486. https://doi.org/

10.3390/membranes12050486

Academic Editors: Hongjun Lin,

Meijia Zhang and José

Ignacio Calvo

Received: 20 February 2022

Accepted: 28 April 2022

Published: 29 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

membranes

Article

A Membrane with Strong Resistance to Organic and Biological
Fouling Using Graphene Oxide and D-Tyrosine as Modifiers

Jiarui Guo 1,2, Yan Zhang 1,2,*, Fenghua Chen 2 and Yuman Chai 2

1 Key Laboratory of Water Quality Science and Water Environment Recovery Engineering,
Beijing University of Technology, Beijing 100124, China; guojiarui@emails.bjut.edu.cn

2 Faculty of Architecture, Civil and Transportation Engineering, Beijing University of Technology,
Beijing 100124, China; chenfh@cnpe.cc (F.C.); chaiyuman@163.com (Y.C.)

* Correspondence: yzhang@bjut.edu.cn

Abstract: Membrane fouling markedly influences the service life and performance of the membrane
during the using process. Herein, hydrophilic polyvinylidene fluoride (PVDF) nanocomposite (P-GO-
DAA) membranes with antifouling and anti-biofouling characteristics were fabricated by employing
graphene oxide (GO) and different concentrations of D-Tyrosine. The structural properties of the
prepared nanocomposite membranes as well as pure PVDF membranes were characterized using
FTIR, XPS, SEM, AFM, and contact angle analysis. It was found that the introduction of GO fillers
made an excellent antifouling performance compared to pure PVDF indicated by the pure water flux,
flux recovery rate, and rejection rate during ultrafiltration experiments as a result of the formation of
the hydrophilic and more porous membrane. In particular, the nanocomposite membranes showed
an increased flux of 305.27 L/(m2·h) and the rejection of 93.40% for the mixed pollutants solution
(including Bull Serum Albumin, Sodium Alginate, and Humic Acid). Besides, the outstanding anti-
biofouling activity was shown by the P-GO-DAA membrane with the properties of D-Tyrosine for
inhibiting biofilm formation during the bacterial adhesion experiments. Furthermore, the adhesion
ratio of bacteria on the membrane was 26.64% of the P-GO-DAA membrane compared to 84.22% of
pure PVDF. These results were confirmed by CLSM.

Keywords: membrane fouling; mixed matrix membranes; D-amino acid; graphene oxide (GO);
biofouling control

1. Introduction

Ultrafiltration (UF) membranes have been considered as a promising strategy for
wastewater treatment [1–3]. Nevertheless, a massive quantity of foulants in the environ-
ment such as heavy metal ions, suspended solids, natural organic matters, microorganisms,
and others, is likely to accumulate on the membrane surface leading to the organic fouling
and biofouling of the membrane [4,5].

Nanomaterials are commonly added as a modifier to the membrane matrix or sur-
face to enhance the permeability and the antifouling property of the membranes [6–9].
Among them, GO and functionalized GO have been recognized as attractive materials
to prepare nanocomposite membranes owing to their high hydrophilic, porous structure,
the abundance of oxygen-containing functional groups, and strong mechanical proper-
ties [10–12]. Zwitterionic modified GO sheets were used to prepare PVDF nanocomposite
membranes for improving the hydrophilic property, which reduced the water contact angle
to 65.1◦ [13]. A nanocomposite forward osmosis (FO) membrane was synthesized by using
polyvinylpyrrolidone (PVP) modified GO to enhance the membrane permeability, with a
water flux of 33.2 L/(m2·h), which was 3.3 times higher compared with the pristine FO
membranes [14]. Khan et al. fabricated a membrane blended hybrid nanosheets by using
the aid of the functional groups of GO, which induced covalent organic frameworks (COFs)
to GO, exhibiting the highest water flux of 226.3 L/(m2·h) [15].
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GO contributes significantly to the improvement of membrane resistance to organic
foulants in the nanocomposite membranes. Recently, a novel polysulfide (PSF) membrane
used vanillin-modified GO nanosheets as pore formers was reported with a rejection
rate of 99%, and the membrane showed a flux recovery rate of 88.55% when filtering
BSA as a pollutant [16]. Similarly, polyethersulfone (PES)/sulfonated polysulfone (SPSf)
nanocomposite membranes were prepared by using a very low GO content of 0.012 wt%
as a modifier, with a high flux recovery rate of 92.4% for BSA filtration [17]. Wang et al.
fabricated a self-assembly polyacrylonitrile membrane with GO to improve the antifouling
capability of the membrane, achieving the flux recovery rate up to 91.2% for HA [18]. GO
makes the membrane more resistant to organic fouling, but it has a limited effect on the
biofouling of the membrane surface.

Biofouling is usually inevitable due to the inherent properties of microorganisms as
well as the accumulation of biologically active organisms along with extracellular polymeric
substances (EPS) on the membrane surface [19]. That brings up the tricky problem which
is, even if 99.9% of them are eliminated, there are still enough cells remaining that could
continue to grow by using biodegradable substances in the water [20]. Consequently,
biofouling is inescapable unless it is sustained in sterile surroundings or no nutrients are
present at all [20–22].

Presently, the widely used strategy to deal with biofouling is inducing Ag, Cu, and
heavy metal materials to the matrix of the membrane, to achieve their effect through the
lethal action on microorganisms. Sun et al. used GO-Ag nanoparticles to develop the
biofouling resistant membranes, which found the presence of GO-Ag nanoparticles on the
membrane led to an inactivation of 86% E. coli after contact with the membrane [23]. How-
ever, the excessive release of biocidal materials is unfriendly to non-target microorganisms
and even deteriorates the surroundings [24,25]. Hence, natural materials as eco-friendly
substitutions for antimicrobial agents have become a huge focus, such as chitosan [26],
D-amino acid (DAA) [27], and pancreatic enzymes [28].

D-Tyrosine (a typical DAA), a newly discovered green substance, was demonstrated
to mitigate bacterial fouling by prompting self-disintegrating of biofilm effectively at ex-
tremely low concentrations [29–33]. Auto-inducers (AIs) are known as signal molecules
that elicit quorum sensing (QS) of microorganisms to coordinate their collective behavior
including biofilm formation [34]. A series of works in the available literature has confirmed
that DAA could prevent the synthesis of bacteria by altering their cell wall composition,
leading to the loss of the ability of bacteria to secrete AIs normally, which triggers the
disassembly of biofilms [35–37]. Based on the explorations above, D-Tyrosine has been
applied in membrane technology to suppress bacterial adhesion to the membrane. Yu et al.
developed an anti-biofouling membrane by incorporating D-Tyrosine onto a membrane
using zeolite nanoparticles that inhibited biofilm formation without inactivating the bacte-
ria [36]. Guo et al. prepared DAA-modified PVDF nanocomposite membranes supported
by PDA and halloysite nanotubes (HNTs), and a stable anti-biofouling over 10 days was
obtained for the prepared membrane [38].

The DAA-modified membranes usually introduce DAA through adhesion on the
surface of the membrane [38–40]. Khan et al. modified an anti-biofouling membrane
by using alginate dialdehyde (ADA) to graft D-Tyrosine on the membrane surface, and
this membrane could achieve nearly 80% bacterial inhibition [39]. Jiang et al. modified
the membrane by adhering D-Tyrosine through polydopamine (PDA) on the membrane
surface, and the bacterial attachment rate of the membrane decreased by about 10% after
modification [40]. The membranes mentioned above exhibited superior anti-biofouling
performance, but the water permeability of the membranes may be partly influenced.

Herein, in this study, GO incorporated DAA-modified PVDF membranes (P-GO-DAA)
with strong resistance to organic and biological fouling were prepared by blending GO
nanosheets into the PVDF matrix, and followed by the introduction of D-Tyrosine through
hydrogen bonding. The characteristics and performances of the membranes were analyzed
through FTIR, XPS, SEM, AFM, and contact angles. The antifouling activity of the prepared
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membranes was investigated by filtrating multiple typical organic foulants including bull
serum albumin (BSA), sodium alginate (SA), and humic acid (HA). The anti-biofouling
activity was evaluated through the bacterial adhesion tests and cyclic filtration tests using
E. coli as the model microorganism.

2. Materials and Methods

2.1. Materials and Chemicals

All reagents and chemicals are of analytical grade and used as received. To pre-
pare membranes, Polyvinylidene fluoride (PVDF), polyvinylpyrrolidone (PVP), and N,
N-dimethylacetamide (DMAC) were all obtained from Shanghai Maclin Biochemical Tech-
nology Company. GO (Sheet diameter is 0.5~5 μm and thickness is 0.8~1.2 nm) used as
membrane matrix modifier was purchased from Nanjing Xianfeng Nanomaterials Tech-
nology Company. D-Tyrosine as an antibacterial agent was supplied by Perfemiker. BSA
(Shanghai Maclin Biochemical Technology Company, Shanghai, China), SA, and HA (Tian-
jin Fuchen Chemical Reagent Company, Tianjin, China) were used as typical organic
foulants. E. coli used as a biological foulant was purchased from Guangzhou Strain Preser-
vation Center. LB broth and LIVE/DEAD® BacLight Bacterial Viability Kits were supplied
by Thermo Fisher Technology (Shanghai, China) Company. DI water was purified by a
Millipore Direct-Q3 in this paper.

2.2. Preparation of PVDF, P-GO, P-GO-DAA Membranes

PVDF and P-GO membranes were prepared via the non-solvent induced phase sep-
aration (NIPS) technique and the percentages of all of the components in the membrane
casting solutions are shown in Table S1. For the preparation of the PVDF membrane, a
homogeneous cast solution was prepared by dissolving PVP as the pore-forming agent
and PVDF in DMAC with the aid of a magnetic stirrer at 45 ◦C for 12 h. After the solution
placed in an oven at 60 ◦C for more than 6 h to release the trapped gas bubbles, it was cast
using a 250 μm scraper on clean glass plates at room temperature. The cast membrane
was left for 30 s to partially evaporate the solvent and immersed in DI water that served
as a non-solvent bath. The resulting membrane was washed with DI water and soaked in
DI water for later use when it was detached from the glass surface within tens of seconds.
Similarly, the P-GO membrane was fabricated by the same process but GO was dispersed
in DMAC in advance by sonication for 30 min at room temperature.

The P-GO-DAA membranes were modified by separately immersing the P-GO mem-
branes in D -tyrosine solutions (DI water as solvent) at different concentrations of 50, 100
and 150 mg/L at 45 ◦C for 24 h. for modification. The samples were referred to as P-GO-50,
P-GO-100 and P-GO-150, respectively.

The synthesis schematic was shown in Figure 1.

Figure 1. Synthesis schematic of membranes.
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2.3. Characteristics of Membranes

The morphology of membrane surface and cross-section was probed by scanning
electron microscope (SEM; SU8020, Hitachi, Tokyo, Japan). The cross-section samples
were pretreatment by brittle fracturing with the aid of liquid nitrogen and the surface was
covered with a thin gold sputtering layer employing an ion sputter device (Buehler, Lake
Bluff, IL, USA) prior to the SEM analysis. Atomic force microscopy (AFM; Dimension Icon,
Bruker AXS, Karlsruhe, Germany) was implemented using a three-direction closed-loop
scanner to obverse the roughness of the membrane surface.

The element composition and functional groups were identified through X-ray photo-
electron spectroscopy (XPS; ESCALAB 250Xi, Thermo, Waltham, MA, USA) and Fourier
transform infrared (FTIR; V70, Bruker, Karlsruhe, Germany) spectroscopy with a diamond
attenuated total reflection (ATR) accessory.

The hydrophilicity was investigated via static contact angle conducted by goniometer
(OCA50, Dataphysics, Filderstadt, Germany) to reflect the wettability properties of the
membrane surface.

The average pore size of membranes was analyzed with an absorption and desorption
instrument (Autosorb iQ, Quantachrome Instruments, Boynton Beach, FL, USA). The
porosity (ε) of the membrane was measured by the gravimetric method as reported before
and calculated as [41]:

ε =

ww−wd
ρw

ww−wd
ρw

+ wd
ρp

× 100% (1)

where the ww and wd denote the weight (g) of the wet and dry membrane, respectively, ρw
and ρp represent the densities (g/cm3) of DI water and PVDF, respectively.

2.4. The Permeability of the Membranes

The performance of the pristine and modified membranes was systemically assessed
by a lab-scale dead-end filtration unit (Figure 2) at a stable trans-membrane pressure of
0.1 MPa supplied by a nitrogen cylinder. The membranes were initially pre-pressed with
DI water at the pressure of 0.2 MPa for 20 min before testing. For the DI water permeation
test, the pure water through the membrane was collected every 5 min for 30 min and the
flux Jw was calculated by Equation (2):

 
Figure 2. Lab-scale dead-end filtration unit.

Jw =
V

A × Δt
(2)

Here V denotes the volume of permeated water (L); A denotes the effective filtration
membrane area in m2 and Δt represents the filtration time in hours (h).
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2.5. Separate Performance and Antifouling Activity

To determine the separation and antifouling capacity of the membranes, the ultrafiltra-
tion experiments were performed again with several kinds of feed water solutions instead
of DI water, and the contents and concentrations of these solutions are shown in Table 1.

Table 1. Composition of pollutant solutions.

Name of the Solution Contents and Concentrations

BSA (Bull Serum Albumin) BSA, 100 mg/L
SA (Sodium alga Acid) SA, 50 mg/L

HA (Humic Acid) HA, 50 mg/L

Bi (Binary pollutants) BSA, 100 mg/L
SA, 50 mg/L

Tri (Triple pollutants)
BSA, 100 mg/L

SA, 50 mg/L
HA, 50 mg/L

AS (Actual Sewage) Effluent from a secondary sedimentation tank in a sewage
plant in Beijing, TOC: 182 mg/L

Synthetic pollutants solution

BSA, 100 mg/L
SA, 100 mg/L
HA, 50 mg/L

E. coli, 3.78 × 107 CFU

The pure water flux (J0) was recorded continuously for 30 min after the pressure
stabilized, and the permeate (JF) passing through the membrane was also recorded for
30 min when the DI water was replaced with the polluted feed water. Later, the coupons
were backwashed by DI water completely prior to the measure of pure water flux (JR) of
the backwashed membranes. From these experiments, five parameters were calculated:
rejection rate, flux recover rate (FRR, %), reversible fouling rate (Rr), irreversible fouling rate
(Rir), and total fouling rate (Rt). Rejection rate and FRR were calculated as follows:

rejection rate =
(

1 − CP
CF

)
× 100% (3)

FRR =
JR
J0

× 100% (4)

where the CF and CP denote the organic content measured with a TOC meter (Vario TOC,
Element, Munich, Germany) of feed water and permeate water (mg/L) collected from
filtration experiments.

While Rr, Rir and Rt were calculated using Equations (5)–(7), respectively:

Rr =
JR − JF

J0
× 100% (5)

Rir =
J0 − JR

J0
× 100% (6)

Rt = Rr + Rir =

(
1 − JF

J0

)
× 100% (7)

2.6. Anti-Biofouling Activity

The antibacterial efficiency of the membranes was evaluated by employing E. coli as
the model microorganism. The test bacterium was cultivated in a Luria-Bertani (LB) liquid
medium using a modified method reported before [42]. The cultivated suspension with E.
coli 10 mL was poured into a conical flask containing a membrane sample sterilized and
then incubated at 37 ◦C for 5 d. The concentration of the E. coli suspension was measured
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with a UV spectrophotometer at wavelength 650 nm, and the membranes were cut into
coupons and then flushed with DI water for further testing.

In order to visualize the bacterial adhesion and distinguish the activity of bacteria on
the membrane surface, the bacteria on the membranes were colored by the LIVE/DEAD
Bacterial Viability Kit and the stained membrane samples were observed under the confocal
laser scanning electron microscopy (CLSM, LSM800, Zeiss, Jena, Germany).

2.7. Characterization of Comprehensive Fouling and Biofouling Resistance Activity

To determine the antifouling and anti-biofouling activities of the membranes, the flux,
concentration of TOC and the adhesion of E. coli on the membrane surface were measured
with the synthetic heavily polluted sewage containing E. coli suspension by the three cycles
of ultrafiltration experiments. Subsequently, the adhesion and growth of bacteria on the
membrane surface were investigated by the CLSM and SEM to characterize the membrane’s
resistance to biological foulants.

3. Results and Discussion

3.1. Characterization of PVDF Membranes

The FTIR spectra were performed to investigate the functional groups of the prepared
membranes. Figure 3 shows the FTIR spectra for the pristine PVDF, P-GO, and P-GO-DAA
membranes from 500 cm−1 to 4000 cm−1. The infrared absorption peaks with corresponding
chemical bonds are shown in Table S5. Compared with the PVDF membrane, a higher
level of O-H and C=O for the carboxyl group observed in the P-GO membrane at the peak
of 3385 cm−1 and 1720 cm−1, respectively, indicated the successful introduction of GO in
the P-GO membrane. The increase in intensity at 1413 cm−1 and 860 cm−1 for the P-GO-
DAA membrane corresponding to the deformation and stretching of N-H and C-N [43],
confirmed the existence of DAA on the P-GO-DAA membrane. After the incorporation
of DAA with the P-GO membrane, the peaks at 1615 cm−1 and 1720 cm−1 for the P-GO
membrane that ascribed to the bending vibration of carboxyl and hydroxyl groups [44],
shifted to a broad vibration band at 1653 cm−1 for the P-GO-DAA membrane. Likewise,
the peaks of 1320 cm−1 that reflected O-H bond of phenol present in D-Tyrosine shifted to
1280 cm−1 for the P-GO-DAA membrane. These changes in peak position may be due to
intermolecular hydrogen bonding between D-Tyrosine and GO [44,45]. To further clarify
the connection between GO and DAA, the mixture of DAA and GO in solution was tested
and the same changes in peak positions were observed in the GO-DAA by the FTIR spectra
(Figure S2). It was these peaks shifted that speculated the presence of intermolecular
hydrogen bonding between D-Tyrosine and GO. Besides, the peak at 1037 cm−1 represents
C-O-C vibration of GO shifted to 1069 cm−1 in the GO-DAA, which speculated the possible
intermolecular hydrogen bonding between the epoxy group of GO and D-Tyrosine. The
suggestions for interaction are shown in Figure S1.

XPS provided further confirmation of the transformations of the functional groups
and elemental compositions on the surface of the membranes. As shown in Figure 4, the
C1s narrow sweep spectrum for different membranes could be distinguished into C-C,
C-F, C=C and C-O/C-N species, which peaks located at 284.8, 289.3, 283.6, and 286.2 eV,
respectively. The increased peak area of C=C compared with the PVDF membrane was
testified to the presence of GO in the membrane matrix. The slight enhancement of the
peak area of C-O/C-N was also probably owing to the limited distribution of GO on the
membrane surface. For the P-GO-DAA membrane, the increased proportion of O and
N for the P-GO-DAA membrane (Tables S2 and S3) compared to the P-GO membrane
confirmed that the P-GO membrane was successfully modified with DAA. The increased
peak area of C-O/C-N was also gained by incorporating the DAA since DAA possessed
amino, hydroxyl and carboxyl groups.
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Figure 3. FTIR spectra of DAA, GO, PVDF, P-GO, and P-GO-DAA membranes.

Figure 4. XPS characterization of nanocomposites. (a) XPS spectra of PVDF, P-GO, and P-GO-DAA
membranes; (b) C1s XPS spectra of PVDF; (c) C1s XPS spectra of P-GO; (d) C1s XPS spectra of
P-GO-DAA membranes.

The surface and cross-sectional images of the prepared membranes were taken by
SEM and presented in Figure 5. The SEM images showed the PVDF and nanocomposite
membranes had a porous structure on the surface as well as an asymmetric cross-section
structure consisting of a compact surface layer and a sponge-like porous structure beneath.
The pristine PVDF membrane possessed fewer pores with a minimal number of discon-
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nected voids possibly due to its high hydrophobicity [46]. After GO was induced to the
membrane matrix, a much more porous surface with relatively interconnected large pores
in the bulk and a thinner surface layer (Figure S3) were observed in the P-GO membrane.
For the DAA-modified membranes, a denser and compressed layer on top of the mem-
brane was observed which seemed to be increased with the concentration of D-Tyrosine
in the membrane. This may be related to the molecular weight and conformation of the
D-Tyrosine immobilized on the membrane surface, and this kind of morphological feature
was supposed to promote membrane separation performance [47].

 

Figure 5. SEM images of the surface and cross-sectional morphologies of different membranes.
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The roughness has a relatively great influence on the water permeability and an-
tifouling property of the membrane. High roughness would lead to easier deposition of
pollutions on the membrane surface, and very low roughness might diminish the tendency
of water molecules through the membrane [48,49]. The surface roughness of each fabricated
membrane was determined using AFM images (Figure 6). The P-GO membrane displayed
the lowest roughness, while the P-GO-DAA membrane possessed higher roughness than
the P-GO membrane and lower roughness than the PVDF membrane. The addition of
hydrophilic GO could facilitate the formation of a smoother surface during the mem-
brane casting process when using the DI water as the non-solvent bath. The presence of
D-Tyrosine changed the morphology of the nanocomposite membrane surface in a way
leading to higher surface roughness that depended on the number of D-Tyrosine on the
membrane surface. As expected, the P-GO-DAA membrane had a more appropriate surface
roughness in contrast with other membranes, which would better balance the permeability
and antifouling ability of the membrane.

Figure 6. AFM images of various membranes.
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The average pore size and porosity were analyzed and the results were listed in Table 2.
It was found that the average pore size of the P-GO membrane reduced after the addition
of GO, but the porosity of the membranes had improved inversely. This may be since the
existence of GO in the P-GO membrane might disrupt the continuity of the membrane
matrix resulting in more voids in the membrane. With the introduction of D-Tyrosine,
the average pore size and porosity of the P-GO-DAA membranes showed a very minor
difference in comparison with the P-GO membrane, which could be presumed that the
addition of D-Tyrosine did not have a noticeable impact on the membrane pores.

Table 2. Average pore size and porosity of membranes.

Membrane Average Pore Size (nm) Porosity (%)

PVDF 16.9 (±2.1) 74.5 (±1.4)
P-GO 16.2 (±1.6) 79.1 (±1.8)

P-GO-50 15.8 (±1.3) 80.3 (±2.5)
P-GO-100 15.7 (±1.8) 81.0 (±2.3)
P-GO-150 14.4 (±2.0) 79.6 (±2.7)

To evaluate the wettability of the membranes, water contact angles analyses (Figure 7)
of membranes were carried out by the static contact angle test. The highest contact angle
was exhibited by the pure PVDF with 82.4◦, while the P-GO membrane was 72.27◦. The
contact angle of the P-GO-DAA membranes decreased even more to 67.77◦, 64.67◦, and
60.27◦ for the P-GO-50, P-GO-100, and P-GO-150 membranes, respectively. The presence
of numerous hydrophilic groups (such as the hydroxyl and carboxyl groups) around the
boundaries of GO nanosheets endowed the PVDF membrane with higher hydrophilic-
ity [18]. There is a positive correlation between the hydrophilic of the membrane and the
DAA content that may not only be attributed to the increased polar functional groups on
the membrane surface, but also to the increased surface roughness.

Figure 7. The contact angle of PVDF, P-GO, P-GO-50, P-GO-100, P-GO-150 membrane. The CA data
and images were obtained by dropping 2.0 μL DI water on five different locations for each membrane
surface sample at room temperature.

3.2. Pure Water Permeability of the Membranes

The permeation flux of the membranes plays a crucial role in the membrane application.
The filtrations with pure water were performed, and the results were depicted in Figure 8.
The addition of GO to the PVDF casting solution could increase the pure water flux due
to the improved porous network and surface hydrophilicity of the membrane. 0.2 wt% of
GO in the casting solution was enough to raise the pure water flux from 138.33 L/(m2·h)
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(for pure PVDF) to 282.08 L/(m2·h). A more increase in permeation flux was observed for
the P-GO-DAA membranes, with the maximum reaching 305.27 L/(m2·h) for the P-GO-
100 membrane, which was more than twice compared with the pure PVDF. This higher
permeability was probably a combined result that the improved hydrophilicity of the
membrane surface by adding GO and DAA to the membrane, as well as a higher surface
roughness produced by the modification using DAA, allowing water molecules to pass
through the membrane more easily [46]. Nevertheless, a small decrease in the pure water
flux for the P-GO-150 membrane could be attributed to a small amount of pore narrowing
that occurred due to the relatively high concentration of DAA added. This phenomenon
revealed that the water permeation would decline beyond a certain DAA content in the
membranes. Overall, the contribution of GO to the increased flux of the membranes was
more, and similar kinds of results that nanoparticles contributed more to the water flux of
membranes compared to DAA have been reported [26].

Figure 8. Pure water permeability and rejection rate for various foulants of pristine and functioned
PVDF membranes: (a) rejection rate for BSA, SA, and HA; (b) rejection rate for Bi (binary foulants:
BSA and SA), Tri (triple foulants: BSA, SA, and HA), and AS (Actual sewage: effluent of secondary
sedimentation tank).

3.3. Separate Performance of the Membranes

In order to study the separate performance of the prepared membranes, filtrations
with different aqueous solutions containing single and mixed foulants were performed
(Figure 8). For single foulants, it was seen from Figure 8a that the P-GO membrane had
good rejection rates with 67.25%, 78.87%, and 83.75% compared with the pure PVDF with
44.98%, 47.70% and 71.05% for BSA, SA, and HA, respectively. This increase suggested the
separate capacity of the membrane could be contributed to the reduction of the average pore
size caused by the blending of GO. After the addition of D-Tyrosine, the highest rejections
were observed in the P-GO-DAA membranes for BSA, SA, and HA around 84%, 90% and
95%, respectively, and this increase was due to a dense layer created by the immobilized of
DAA on the P-GO membrane surface. The rejection capacity of the membrane for different
pollutants had a great relationship with the membrane pore size and the size of pollutant
molecules [50]. The membrane rejection for BSA gained the lowest result could be owing
to the smaller molecule size of BSA used in this experiment than SA and HA.

As expected, the separation performance of membranes was manifested to be better
while employing the solutions comprising complex foulants as feed water during the
filtration tests (Figure 8b). The rejection rates of the P-GO-150 membrane for Bi, Tri, and
AS reached 82.53%, 93.40%, and 86.82%, respectively, which were superior to those of the
pure PVDF. This result might be strongly related to a more complex interaction between
pollutants leading to the formation of larger agglomerates, so the rejection rate of the
membranes for the triple foulants solution was higher than the binary foulants solution.
The rejection rate of membrane dropped for actual sewage which was likely due to the
presence of smaller molecule foulants in actual sewage [51,52]. These favorable results
indicated that the P-GO-DAA membranes possess an enhanced separate performance for
various organic foulants. The difference in these rejection rates among the DAA-modified
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membranes was not significant, which could be ascribed to the addition of D-Tyrosine
having little effect on the membrane pores (Table 2), leading to a similar rejection capacity.
Similar results were found by Khan et al. [39].

3.4. Antifouling Performance of the Membranes

Flux recovery rate is one of the most crucial measures to reveal the antifouling prop-
erties of membranes. The FRR of the prepared membranes was tested through filtrations
with single or compound foulants and the results were shown in Figure 9. The P-GO-DAA
membranes exhibited better flux recovery performance for single foulants, especially the
P-GO-150 membrane, having the highest FRR for BSA, SA and HA with 76.61%, 87.87%,
and 61.65%, respectively. The FRR of the P-GO-150 membrane for Bi, Tri, and AS reached
74.58%, 88.72%, and 86.67%, respectively, which were about 28%, 38%, and 39% higher
than the P-GO membrane, and about 64%, 64%, and 70% higher than the PVDF membrane.
Except for the more hydrophilic membrane surface induced by adding GO and DAA, this
improvement could also be a result that DAA reduced the interaction between membrane
and foulants leading to less adsorption of foulants by the membrane [17,53,54]. FRR of the
P-GO-DAA membranes for all pollutions increased with increasing DAA content, which
denoted the antifouling ability might have a positively correlated with the content of DAA
in the membrane.

Figure 9. Flux recovery ratio (FRR), reversible flux decline ratio (Rr) and the irreversible flux decline
ratio (Rir) for different foulants during filtration experiments of original and prepared membranes.
(a,b) FRR of the membranes; (c,d) Rr and Rir of the membranes.

Meanwhile, Rr and Rir were also employed as evaluation indexes of membrane an-
tifouling activity (Figure 9), and the accumulation of irreversible fouling would directly
descend the performance and service life of the membrane. For all DAA-modified mem-
branes, the percentage of irreversible fouling by various pollutants was obviously reduced.
The Rr for AS of the P-GO-150 membrane was 13.85%, which decreased markedly compared
with that of PVDF (84.31%) and P-GO (52.33%) membrane. It could be speculated that
various interactions between foulants and foulants or foulants and membrane of complex
multicomponent systems retarded the fouling instead. As most foulants were hydrophobic,
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the interaction between the foulants and the membrane was weakened with the assistance
of hydrophilic GO and DAA, which greatly improved the membrane’s ability to resist
organic fouling. A higher proportion of reversible fouling was obtained with increasing
DAA content. This might be attributed to the fact that the higher the roughness, the easier
it is to remove the foulants attached to the membrane surface, resulting in less fouling
remaining in the membrane.

3.5. Anti-Biofouling Performance of the Membranes

To investigate the effect of DAA on bacterial fouling, a five-day static adhesion
experiment was conducted using E. coli as the model bacteria and the CLSM images
(Figures 10 and 11) of the membranes were taken during the experiment. It can be ob-
served that the P-GO-DAA membranes possess strong antibacterial activity as the less
bacterial adhesion extent on the membrane surfaces. On the first day, the pure PVDF
membrane had already exhibited worse resistance to biofouling. In comparison almost no
bacteria on the P-GO-DAA membrane surface. As time passed, the bacteria adhering to the
origin membrane surface showed a rapid growth trend. Until the fifth day, a large number
of bacteria adhered to the surface of the PVDF membrane (as the stronger the fluorescence
in the images, the greater the number of bacteria), as well as the live and dead bacteria on
the surface of the membrane co-formed the biofilm. On the contrary, only a small area of
the modified membrane surface was fouled and almost no biofilm formation during the
period. It was apparent that the number of bacteria on the membrane surface decreased
after D-Tyrosine grafted. Hence, the P-GO-DAA membrane exhibited better performance
to biofouling, possibly due to the fact that the presence of D-Tyrosine not only prevented
bacteria from adhering to the membrane but also promoted the detachment of biofilm from
the membrane surface by influencing the secretion of QS signals of the bacteria [36].

Figure 10. CLSM images of PVDF membrane during five days of bacterial culture cycle. (a,c,e) Live
bacteria on PVDF membrane; (b,d,f) dead bacteria on PVDF membrane.
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Figure 11. CLSM images of P-GO-DAA membrane during five days of bacterial culture cycle.
(a,c,e) live bacteria on PVDF membrane; (b,d,f) dead bacteria on PVDF membrane.

3.6. Antifouling and Anti-Biofouling Performance of the Membranes through Cycle Test

The antifouling and anti-biofouling performance of the membranes were studied by
the cyclic filtration experiments using a heavily polluted solution containing BSA, SA,
HA, and E. coli (Figure 12). The flux (Figure 12a) of the modified membranes decreased
slowly during filtration using the polluted solution as the feed water, while the PVDF
membrane was already reduced dramatically after the first cycle, even down to 2 L/(m2·h).
On the contrary, the P-GO-100 membrane exhibited a higher flux than the origin membrane
and maintained the flux of 158 L/(m2·h) after three cycles, even higher than the initial
flux of the PVDF membrane (138.5 L/(m2·h)). The FRR (Figure 12b) of the P-GO-DAA
membranes was relatively higher during the whole cycles, especially for the P-GO-100 and
P-GO-150 membranes. Among the prepared membranes, the rejection rate of the P-GO-DAA
membrane was maintained at a higher level during the filtration process. The difference
in rejection rates between the DAA-modified membranes was not significant, which was
similar to the results observed before in Figure 9. It was seen from Table S4 that the average
pore size of the pure PVDF dropped considerably after the test, indicating the serious pore
blockage of the origin membrane, while the pores of the DAA-modified membrane did not
change much.

The outstanding anti-biofouling capacity of the modified membranes was also showed
in Figure 12c. In contrast with the P-GO-DAA membranes, the PVDF membrane and the
P-GO membrane seemed to have no bacterial inhibition with the bacteria adhering ratio
after three cycles reaching 84.22% and 80.98%, respectively. The bacteria adhering ratio of
the P-GO-100 membrane was only 26.64%, about 60% and 56% lower than the PVDF and
P-GO membranes, respectively, indicating an excellent resistance to bacterial adhesion on
the D-Tyrosine modified membranes. It was demonstrated that the addition of D-Tyrosine
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played a greater role in the antibacterial property. The CLSM images of the membranes
(the two membranes circled in red in Figure 12c) after the experiment (Figure 13) also
demonstrated the conclusions above mentioned. Both live and dead bacteria that adhered
to the pure PVDF were significantly more than the modified membranes. Fewer bacteria
adhered to the surface of the modified membrane. It was also indicated that probably due
to the presence of DAA with the inhibiting effect of QS signals diminishing the bacterial
attachment on the membrane surface.

 

Figure 12. The results of three cycles ultrafiltration experiment. (a) The membrane flux change;
(b) flux recovery rate and rejection rate of membranes; (c) the bacterial distribution in the test.

 

Figure 13. CLSM images of the membranes after the three cycles ultrafiltration experiment. (a) Live
bacteria on the origin membrane; (b) dead bacteria on the origin membrane; (c) live bacteria on the
P-GO-DAA membrane; (d) dead bacteria on the P-GO-DAA membrane.
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The improved antifouling and anti-biofouling performances of the P-GO-DAA mem-
branes were verified by SEM images (Figure 14). The surface roughness of the DAA-
modified membrane did not have much change after the experiment comparing to the
origin membrane.

 

Figure 14. SEM images of the membranes after the three cycles ultrafiltration experiment.

To sum up, the addition of GO and D-Tyrosine to the membrane could weaken the
interaction between the foulants and membrane surface due to the improved hydrophilic of
the membrane, so that pollutants on the membrane surface are more easily carried away by
the shear force of water. On the other hand, the addition of DAA could effectively inhibit
bacterial adhesion and induce biofilm self-decomposition.

4. Conclusions

In this study, a P-GO-DAA membrane with strong resistance to organic and biological
fouling was developed via the phase inversion technique by using GO and D-Tyrosine as
modifiers. The FTIR results suggested that DAA might be introduced into the membrane by
forming hydrogen bonds with GO. The addition of DAA to membrane formed a dense layer
on the membrane surface observed from SEM. The porous structure and high hydrophilic
nature of GO led to enhanced pore structure and surface hydrophilicity of the nanocom-
posite membranes, which were verified by the increasing porosity and decreasing water
contact angle. By adding GO combined with DAA, the P-GO-DAA membrane exhibited
a further improvement in pure water flux up to 305.27 L/(m2·h) that was more than two
folds of the PVDF membrane, and a more hydrophilic surface was confirmed by the decline
in water contact angle compared with the PVDF membrane. The modified membranes
displayed better separate ability contrast with the pure PVDF. The P-GO-DAA membrane
had the best separation performance with a rejection rate of 95% especially for HA. The
antifouling ability of the P-GO-DAA membrane became stronger evidenced by its signifi-
cantly increased FRR for various foulants, especially for actual sewage by 70% compared to
the origin membrane. For the anti-biofouling activity of the membranes, the addition of
DAA played a key role with the results of 60% and 56% less surface bacterial adhesion than
of the PVDF and P-GO membranes, respectively, and almost no bacteria adhered to the
P-GO-DAA membrane also observed by CLSM. It was supposed that DAA could diminish
the interaction between the membrane and bacteria by impacting the secretion of QS signals.
Consequently, it could be concluded that the GO blended DAA-modified nanocomposite
membranes possess a synergistic effect on the antifouling and anti-biofouling activity of
the membrane.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes12050486/s1. Figure S1: Schematic diagram of the
Intermolecular hydrogen bonding between GO and D-Tyrosine in the membrane matrix, Figure S2:
FTIR spectra of GO and GO-DAA, Figure S3: The surface layer thickness of the membranes, (a) PVDF,
(b) P-GO, (c) P-GO-50, (d) P-GO-100, (e) P-GO-150, Table S1: Components in the polymer casting
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solutions, Table S2: Elemental composition of three membranes’ surface, Table S3: Carbon chemical
bond composition of three membranes’ surface, Table S4: Average pore size and porosity of fouled
membranes, Table S5: Infrared absorption peaks with corresponding chemical bonds.
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Abstract: Membrane fouling limits the rapid development of membrane separations. In this study,
a blend membrane containing polycationic liquid (P(BVImBr1-co-PEGMA1)) is presented that can
improve the antifouling performance of polyvinylidene fluoride (PVDF) membranes. By mixing
the polycationic liquid into PVDF, an improved membrane-surface hydrophilicity and enlarged
membrane porosity were detected. The water contact angle decreased from 82◦ to 67◦, the porosity
enlarged from 7.22% to 89.74%, and the pure water flux improved from 0 to 631.68 L m−2 h−1. The
blend membrane surfaces were found to be always positively charged at pH 3~10. By applying the
membranes to the filtration of oil/water emulsion and bovine serum albumin (BSA) solution, they
showed a very high rejection rate to pollutants in wastewater (99.4% to oil droplets and 85.6% to
BSA). The positive membrane surface charge and the increased membrane hydrophilicity resulted in
excellent antifouling performance, with the flux recovery rates of the dynamic filtration tests reaching
97.3% and 95.5%, respectively. Moreover, the blend membranes demonstrated very low BSA adhesion
and could even kill S. aureus, showing excellent antifouling properties.

Keywords: blend membrane; water treatment; antifouling modification; hydrophilic; polycationic liquid

1. Introduction

Membrane separation technology has great potential in water and wastewater treat-
ment. Based on the pore size diameter, membranes are often classified into microfiltration
membranes, ultrafiltration membranes, nanofiltration membranes, and reverse osmosis
membranes [1]. According to different membrane materials, membranes can be divided
into inorganic membranes, organic membranes, or organic-inorganic hybrid membranes.
Among various matrix membrane materials, polyvinylidene fluoride (PVDF) is the most-
used organic polymer membrane material due to its thermal stability, excellent chemical
resistance, and good membrane-forming ability [2].

However, PVDF is a semi-crystalline polymer with repeating units of –CH2–CF2– that
form hydrophobic structures that make the membrane prone to fouling, which leads to a
reduction in membrane performance by reducing permeability and imposing additional
costs for membrane cleaning or replacement [3]. Membrane fouling leads to easy blockage
of membrane pores, increases the transmembrane pressure, and decreases the water flux.
In addition, it increases the cleaning cost of the membrane and, finally, shortens the service
life of the membrane. It is generally believed that a hydrophilic membrane could somehow
overcome membrane fouling problems [4–7], because the hydrophilic membrane easily
forms a hydration layer on the membrane surface that can effectively reduce the adhesion
between pollutants and the membrane surface. In addition, the charge on the membrane
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surface is also an important factor that slows down membrane fouling [8], because some
pollutants in water are charged. The electrostatic action between the membrane surface and
the charged pollutants in water can reduce the adhesion of pollutants, and even improve
the interception effect of the membrane on charged pollutants [9,10].

To achieve antifouling PVDF membranes, different kinds of modifications have been
developed [11,12]. The modification methods for PVDF membranes mainly include mem-
brane surface modifications such as surface coating [13,14] and surface grafting [15,16], and
membrane bulk modifications such as copolymerization modification [17,18] or blending
modification [19,20]. Among them, blending modification can afford uniform membrane
structure, consistent chemical composition, good separation effect, etc.

Polyionic liquids, also known as polymer ionic liquids [21], have been reported to
improve the hydrophilicity of membranes and charge the membranes, so they are quite
applicable in solving the membrane fouling problem [22,23]. Many of these zwitterions
have been employed as polymer brushes to modify the surface of materials with enhanced
hydrophilicity and antifouling ability [24,25]. By blending a polyionic liquid, P(MMA-co-
BVIm-Br) with PVDF, the obtained membranes showed a reduced fouling rate from 68% to
40% [26].

In our previous report [27], a polycationic liquid P(BVImBr1-co-PEGMA2), was blended
with PVDF. The prepared membranes showed good repellence (up to 99%) against posi-
tively charged BSA, and the flux recovery rate was improved to 76%. However, the pollutant
object of membrane treatment was limited, and the research was not deep enough.

For our ongoing study, blend PVDF membranes with a newly synthesized polycationic
liquid, P(BVImBr1-co-PEGMA1) (P11), were fabricated. The major difference in this work
is that the monomer ratio of the copolymer was switched from 1/2 to 1/1. However, the
membrane performance was found to be greatly improved. The properties of the modified
membranes were carefully examined and the separation efficiency of different organic
pollutants, including the oil droplets and the typical protein, BSA, were explored in this
work. In addition, the antibacterial properties of the membrane were also tested.

2. Materials and Methods

2.1. Materials

PVDF (FR 904, >99.5%, Mw 400,000) was purchased from 3F New Materials Co. Ltd.,
Shanghai, China. Poly(ethylene glycol) methyl ether methacrylate (PEGMA, average
Mn 950, contains 300 ppm BHT and 100 ppm MEHQ as inhibitor) was purchased from
Aldrich (St. Louis, MO, USA). 1-Vinylimidazole (C5H6N2, 99%), 1-bromobutane (C4H9Br,
>99%), N,N-dimethylformamide (DMF, AR) and azobisisobutyronitrile (AIBN, 98%), n-
hexadecane (AR, 98%) were supplied by Macklin Biochemical Technology Co., Ltd., Beijing,
China. BSA (Mn 67 kDa) was obtained from Aladdin Chemical Co., Ltd., Shanghai, China.
Other chemicals utilized in this study were purchased with analytical quality and purified
before use. Deionized (DI) water (18.2 MΩ) purified with a Milli-Q system from Millipore
(Burlington, MA, USA) was used to prepare all solutions as needed in the work.

2.2. Synthesis of Polycationic Liquid P(BVImBr1-co-PEGMA1) (P11)

The utilized polycationic liquid, or so-called cationic polyionic liquid, (P(BVImBr1-co-
PEGMA1)) was synthesized by following the similar protocol in our previous research [27],
but in a different monomer ratio (1/1). The product is denoted as P11 in later description.
It was characterized by 1H NMR (Bruker Avance 300) and IR analysis. Figure 1 shows the
1H NMR spectra (using CDCl3 as internal standard) of the obtained P11 and the starting
materials. The disappearance of the peaks a’ originated from BVImBr and the peaks j’
originated from PEGMA indicates that the product P11 was successfully synthesized via
the RAFT reaction, where the ratio of BVImBr/PEGMA was around 1/1. The IR analysis
can be found in the latter Figure 2a.
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Figure 1. The 1H NMR spectra compare of the obtained P11 and the starting materials.

( ) ( )

( ) ( )

Figure 2. (a) FT-IR spectra of P11 and membranes; (b) full XPS spectra of membranes; (c) the elemental
composition of membrane surface; and (d) the C core layer XPS spectrum of M5.
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2.3. Preparation of Membranes

The flat sheet membranes were prepared by blending P11 with PVDF in different
weight ratios and the polymer concentrations were 20 wt% and 22 wt%, respectively, via a
non-solvent-induced phase separation (NIPS) method [27]. Six different membranes were
prepared in this study; the composition of the casting solution and some of the properties
are summarized in Table 1. The polymer concentrations were 20 wt% (M0, M1, M2) and
22 wt% (M3, M4, M5), and for different membrane samples, the ratio of PVDF/P11 was
10/0 (M0, M3, pure PVDF membranes), 9/1 (M1, M4) and 8/2 (M2, M5), respectively.

Table 1. The casting solution composition and general properties of the membranes.

Membranes M0 M1 M2 M3 M4 M5

Polymer mixture PVDF PVDF/P11 = 9/1 PVDF/P11 = 8/2 PVDF PVDF/P11 = 9/1 PVDF/P11 = 8/2
Polymer

concentration/wt% 20 20 20 22 22 22

Porosity/% 7.22 ± 1.75 75.31 ± 1.24 89.74 ± 2.01 5.18 ± 0.95 70.33 ± 1.56 82.65 ± 2.20
Mean pore size/nm / 29.91 ± 1.02 35.20 ± 1.31 / 24.75 ± 1.14 27.32 ± 1.57

Pure water flux/L m−2 h−1 / 427.47 ± 10.32 631.68 ± 15.79 / 193.24 ± 7.39 238.63 ± 6.50
Thickness/μm 30.4 ± 0.28 113.6 ± 1.08 121.2 ± 0.92 39.2 ± 0.83 92.3 ± 1.02 149.0 ± 0.71

Mechanical strength/MPa 1.82 ± 0.24 0.83 ± 0.36 0.48 ± 0.15 2.01 ± 0.69 0.94 ± 0.34 0.54 ± 0.28

2.4. Characterization of Membranes
2.4.1. Fourier Transform Infra-Red (FTIR) Spectroscopy

FT-IR model (Nicolet 6700) was used to analyze the surface functional groups of the
membranes, with a spectral range of 500~4000 cm−1 and a resolution of 2 cm−1.

2.4.2. Morphological Analysis

XPS measurement was carried out on the membrane surface using Thermo Scientific,
ESCALAB 250Xi. The elements tested on the membrane surface were C, F, O, N and Br.
SEM (Phenom Pro, USA) was used to observe the surface, cross-sectional structure, and
thickness of membrane samples. AFM (Bruker Dimension Icon, Tucson, AZ, USA) was
used to measure the surface morphology and roughness of the membranes; the sample
tested was 5 μm × 5 μm.

2.4.3. Contact Angles

The static water contact angle and underwater oil contact angle of the membranes
were measured by the static hanging drop method, with a membrane surface contact angle
tester (Ramé-Hart 500). The contact angle was measured at 5 different positions on each
sample, the average value was calculated and recorded with the obtained data, and the
accepted error range was less than 3.

2.4.4. Mechanical Characterization

The mechanical strength was tested by a tensile strength tester (5944, Instron, Nor-
wood, MA, USA); 3–5 strips of 5 cm × 1 cm were measured from different positions, and
the average value was recorded.

2.4.5. Zeta Potential and Thermogravimetric Analysis

The membrane surface charge properties were measured with a membrane solid
sample flow field potential analyzer (Surpass 3). An SDT 2960 analyzer was used for
thermogravimetric analysis (TGA).

2.4.6. Porosity and Pore Size

Aperture measurement involved randomly measuring 100 membrane pores on the
surface image of electron micrograph with Nano Measure, and the average pore size D (nm)
was calculated. The membrane porosity was measured by cutting each membrane sample
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into circular slices with a diameter of 2.5 cm, which were washed in ethanol and then
soaked in deionized water for 24 h. The soaked membranes were removed and residual
water on the membrane surface was gently wiped with dust-free paper. The mass of the
wet sample was weighed and recorded as m1. The wet membranes were dried in a vacuum
drying oven (VD115, BINDER, Tuttlingen, Germany) at 60 ◦C until a consistent mass was
obtained, m2. The membrane porosity ε was calculated by Equation (1):

ε =
m1 − m2

ρ·A·d × 100% (1)

where ε represents the porosity (%), m1 and m2 are the wet weight and dry weight (kg),
ρ represents the density of water (kg m−2), A is the area (m2), and d is the thickness (m) of
the membrane.

2.5. Membrane Performance: Pure Water Flux and Dynamic Filtration Tests

A pure water flux test was carried out by using a dead-end filtration system. The
membrane sample was cut into a certain size wafer and fixed in an ultrafiltration cup,
with an effective filtration area of 8.55 cm2. At first, the membrane was pretreated under
0.12 MPa pressure for 30 min, and was then filtered by pure water under 0.1 MPa pressure.
The filtered pure water was collected every 10 min and the volume (L) of the collected
water was measured and recorded. Until the effluent volume reached a stable value, the
pure water flux J0 was calculated by Equation (2):

J0 =
V
S·t (2)

where J0 is pure water flux (L m−2 h−1), V is the volume of pure water passing through
the membrane (L), S is the effective area of water passing through (m2), and t is the time of
each water intake (h).

Oil/water emulsion separation: The oil/water emulsion (0.1 g L−1) was prepared
by using 0.5 g of n-hexadecane diluted into 5 L deionized water. The operation for the
oil/water separation was carried out by following the pure water flux test. After the stable
flux J0 of pure water was calculated, the oil/water emulsion was continuously filtered
by the same membrane sample for another 120 min. The flux of oil/water emulsions for
1 min was recorded every 10 min. The permeation flux after 120 min was recorded as
Jp. Then, the fouled membrane was taken out and placed in deionized water for 10 min
for ultrasonic cleaning. The cleaned membrane was put back into the dead-end filtration
system for testing with another pure water flux and the data were recorded as Jc. During
the filtration of oil/water emulsion, the oil concentration was detected with an organic
carbon analyzer (TOC-L CPH, Shimadzu, Japan). The dynamic antifouling properties were
evaluated by the flux decay rate (RFD) and the relative flux recovery rate (RFR) according
to Equations (3) and (4) below:

RFD =
Jc
J0

× 100% (3)

RFR =

(
1 − Jp

J0

)
× 100% (4)

where J0 is the initial pure water flux (L m−2 h−1), Jp is the permeation flux (L m−2 h−1)
after running for 120 min, and Jc is the pure water flux (L m−2 h−1) measured after
membrane cleaning.

BSA solution separation: 1.0 g L−1 of BSA solutions at different pH were prepared by
using phosphate buffer or acetic acid/sodium acetate buffer. The filtration operation of the
BSA solution was almost the same as the oil/water emulsion separations. The concentra-
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tions of BSA before and after the filtration were measured by a UV-vis spectrometer. The
rejection rate (R) was obtained by Equation(5):

R =

(
1 − Cp

Cr

)
× 100% (5)

where Cp represents pollutant concentration in the filtrate (mg L−1) and Cr represents
pollutant concentration in feed liquid (mg L−1).

2.6. Static Antifouling Tests

The BSA adsorption experiment proceeded as follows: 0.1 g of dried membrane sample
was placed into 50 mL of 1.0 g L−1 BSA solution (pH 7.0) and shaken for 24 h. After that,
the membrane was taken out of the solution and the BSA concentration of the residual
solution was measured by UV-vis spectrometer. The adsorption capacity (mg g−1) of the
membrane was then calculated.

The antibacterial test of the membranes was carried out via S. aureus suspension
by first cutting the sterilized membrane sample into a circular piece with a diameter of
15 mm and laying it on the bottom of the 24-well plate. 100 μL of S. aureus suspension
(106 CFU mL−1) was extracted and dropped onto the membrane sample, and the 24-well
plate was placed in the shaking table at 37 ◦C and 80 rpm. After incubation for 2 h, the
bacterial solution was resuspended with 900 μL PBS. Then, 100 μL of bacterial solution
after resuspension was extracted and spread evenly onto a solid medium. The coated solid
medium was put in the shaking table and incubated upside-down for 24 h at 37 ◦C. Finally,
the bacterial culture dish was photographed and the number of the remaining S. aureus
was counted using Image J software. Each experiment was repeated at least three times.

3. Results and Discussion

3.1. Surface Chemical Composition of Membranes

FT-IR analysis was conducted to determine the surface chemical composition of the
membranes. The IR spectrum of P11 is also shown in Figure 2a, with the peaks at 1104
cm−1 and 1275 cm−1 attributed to stretching vibration and bending vibration of the C-O
bond, and the peak at 1719 cm−1 assigned to the C=O double bond in the PEGMA segment.
In addition, 1656 cm−1 can be assigned to C=C and C=N double bonds in the BVIm-Br
segment, and the peaks at 2873 and 2906 cm−1 must be the saturated C-H bonds that
present in P11. Compared with pure PVDF membrane M0, the blend membranes M1, M4,
and M5 showed obvious characteristic peaks at 1719 cm−1 and 2873~2906 cm−1, with the
peak intensity enhanced with increased blending ratios of P11.

XPS analysis of the membrane surface further proved the successful blending of P11.
Figure 2b shows the full XPS spectra of the pure PVDF membrane (M0) and the blend
membranes M1, M4, and M5. Compared with M0, the blend membranes containing P11
had a new peak of N1s at 401 eV, and the peak area enhanced with the increasing content
of P11. The peak area of O1s at 532 eV also increased due to the greater content of P11 in
the polymer mixture. The elemental composition of the membrane surface is shown in
Figure 2c; by increasing P11 in the membrane from M0 to M5, the atomic ratio of F atom
on the membrane surface decreased and the atomic ratio of N, O, and Br atoms improved
gradually. Figure 2d is the C core layer XPS spectrum of the blend membrane M5; the peak
analysis indicated characteristic peaks at 288 eV and 287 eV, which can be corresponded to
O-C=O and C-O/C-N bonds which exist in the blended P11.

3.2. SEM Images of the Membranes

As shown in Figure 3a, no obvious pore can be found on the surface of pure PVDF
membranes (M0 or M3). Comparably, more pores appeared on the blend membrane
surface. The porosity data are summarized in Table 1; for example, the porosity of the pure
PVDF membrane M0 was 7.21%, and the porosity of blend membrane M2 became 89.24%,
almost 13 times more than M0. This is mainly due to the hydrophilic polyionic liquid (P11)
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that may accelerate the mass transfer rate of the solvent and non-solvent during the phase
transfer stage, thus accelerating the transient liquid–liquid phase separation [28], producing
a more porous and loose membrane structure. It can be seen from the cross-sectional view
(Figure 3b) that the blend membranes (M1, M2, M4, M5) all showed typical asymmetric
structure. With an increased ratio of the polycationic liquid mixed into the membrane, the
membrane became thicker. As summarized in Table 1, the thicknesses of membranes M0,
M1, and M2 were 30.4 μm, 113.6 μm and 121.2 μm, respectively. This accords with the
observation of a more loose structure. In addition, by adding more P11 into the membrane,
more finger-like macropores can be observed on the cross-section of the membranes.

( ) Surface

( ) Cross-section

Figure 3. The SEM images of all membranes. (a) Surface; (b) Cross-section.
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The mean pore size of the membranes are summarized in Table 1; the pore size and
the pure water flux were enlarged. For example, the blend membrane M2 gave the largest
mean pore size (35.2 nm) and water flux (631.68 L m−2 h−1). By increasing the polymer
concentration from 20 wt% to 22 wt%, the obtained membranes became denser, and the
pore size or the pure water flux decreased (such as for membrane M5, reduced to 27.32 nm
and 238.63 L m−2 h−1, respectively).

As detected from the SEM images, the thickness of membrane M5 was the thickest
(Table 1, M5: 149.0 μm); this is due to the higher polymer concentration of the casting
solution and the higher ratio of the copolymer P11 (2/8 of P11/PVDF) in the membrane.
Correspondingly, the mechanical strength was found to be stronger (Table 1, M5: 0.54 MPa)
than membrane M2, which has a lower polymer concentration (Table 1, M2: 0.48 MPa). Al-
though the blend membranes’ mechanical strength was smaller than that of the pure PVDF
membranes (Table 1, M0: 1.82 MPa; M3: 2.01 MPa), they can survive under ultrafiltration
pressure, which is usually lower than 0.30 MPa.

3.3. Surface Wettability of the Membranes

The water contact angles and underwater oil contact angles of the membranes can
be found in Figure 4a. The hydrophilicity and the oleophobicity of the PVDF membranes
were improved by adding the polycationic liquid P11. For example, the water contact
angle of the pure PVDF membrane M3 was 81.9◦, its under-water oil contact angle was
113.3◦, and the same data points for the blend membrane M5 were 67.0◦ and 138.1◦,
respectively. This is mainly caused by the introduction of polycationic liquid, P11, which
is both hydrophilic and positively charged. The PEGMA segments in P11 helped the
hydrophilicity; meanwhile, the cationic liquid (BVImBr) segments may improve both the
positive charge and hydrophilicity.

The dynamic changes in water contact angles of the membranes M3, M4, and M5 are
also recorded in Figure 4b, which can reflect the surface wettability of the membrane more
intuitively, and the faster the wetting speed, the better the surface wettability. With the
increase of immersion time, the contact angles of all membranes decreased. Compared
with pure membrane M3 and blend membrane M4, the wetting speed of blend membrane
M5 was much faster: the water contact angle dropped from 67.07◦ to 30.34◦ in 300 s. This is
mainly because membrane M5 has a higher blending of hydrophilic P11 in the membrane.

In addition, the AFM images (Figure 4c) show that the surface roughness of M5
was higher than M4, where the average roughness (Ra) for M4 was 34.9 nm and the Ra
of M5 was 38.6 nm. There are many protrusions on the surface of the membrane M5;
this phenomenon can also be found in the surface SEM images of M5 (Figure 4a, M5) as
more pores appear on the surface face. Therefore, the rougher and more porous surface
accelerated the membrane wetting speed.

3.4. Thermal Stability and Zeta Potentials of the Membranes

TGA curves of blend membranes and the copolymer P11 are described in Figure 4d.
The copolymer P11 showed obvious weight loss at 250 ◦C, which indicated the decomposi-
tion of the polymer. The pure PVDF membrane M3 showed the only thermal weight loss
at 414 ◦C because the pure membrane had strong thermal stability. Compared with M3,
the blend membranes M4 and M5 gave the first obvious weight loss at a temperate 250 ◦C,
which can be attributed to the decomposition of P11; M5 gave more weight loss than M4
because M5 was fabricated from a higher content of P11 in the polymer mixture.
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Figure 4. (a) The static water/underwater oil contact angles of all membranes; (b) the dynamic water
contact angles of membranes M3, M4, and M5; (c) AFM images of blend membranes M4 and M5;
(d) TGA diagram of the polymer P11 and membranes; and (e) Zeta potentials of membranes M3, M4,
and M5.
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Figure 4e shows that by blending cationic P11 into the PVDF membrane, the mem-
branes M4 and M5 were always positively charged at pH 3~10, while the isoelectric point
of pure PVDF membrane M3 is 5.4. Moreover, with the higher content of P11, the mem-
brane M5 (2/8) appeared to be more positively charged than M4 (1/9). This enrichment
of positive electricity on the membrane surface may help to enhance the electrostatic in-
teraction between the membrane surface and pollutants in wastewater, which is quite
beneficial for antifouling performance and the interception effects of the membrane on
some charged pollutants.

3.5. Filtration of Oil/Water Emulsions

Figure 5a and Table 2 describe the filtration performance of blend membranes M1, M2,
M4, and M5 in separating 0.1 g L−1 of oil/water emulsion. All the membranes showed
a rapid flux decay within 30~60 min, which was attributed to the fast aggregation of oil
droplets on the membrane surface and even blockage of internal membrane pores driven
by pressure. Rates of higher than 91% in oil rejection were obtained for all the membranes,
with membrane M2 giving the lowest R at 91.6% and membrane M4 showing the highest R
(up to 99.4%). This indicates that the rejection mechanism of the membranes is mainly due
to the pore size screening effect. It was mentioned in a previous section that M4 had the
smallest pore size and M2 had the largest pore size; the data are shown in Table 1.

( ) ( ) 

Figure 5. The normalized flux during the filtration of: (a) oil/water emulsions (0.1 g L−1, pH 7) and
(b) BSA solutions (1.0 g L−1, pH 3.6).

Table 2. Parameters in the filtration of oil/water emulsions.

Membranes
J0

/L m−2 h−1

Jp

/L m−2 h−1

Jc

/L m−2 h−1
RFD
/%

RFR
/%

R
/%

RFR/% R/% RFR/% R/%

2nd Cycle 3rd Cycle

M1 427.47 84.18 362.35 80.3 84.8 96.4 77.3 93.2 61.4 85.7
M2 631.68 81.49 582.41 87.1 92.2 91.6 87.8 87.4 83.4 79.6
M4 193.24 51.21 173.34 73.5 89.7 99.4 82.6 96.5 73.2 88.2
M5 238.63 50.35 232.19 78.9 97.3 98.5 92.4 94.1 88.7 87.3

Despite the high flux decay, the blend membranes demonstrated good antifouling
properties after an ultrasonic cleaning by DI water; up to 97.3% of RFR can be found for
membrane M5. The RFR for M1 was 84.8%; by adding more polycationic liquid P11 into
the membrane, a better RFR was obtained. This can be explained by the fact that on a
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more hydrophilic membrane surface, a denser hydrated layer can be formed, which can
effectively prevent the adhesion of oil droplets.

The R and RFR of membranes M1, M2, M4, and M5 in the repeated filtration cycles of
oil/water emulsion are summarized in Table 2. Both the flux recovery and the rejection rate
of each membrane sample decline after three repeated filtrations. For example, the rejection
rate of M5 in each cycle were 98.5%, 94.1%, and 87.3%. The decrease in the membrane
rejection may be caused by the clean method utilized in this experiment, such that the
ultrasonic clean might damage the membrane pores and therefore affecting the pore size
screening effect. Although the RFR was also reduced in each cycle, membrane M5 showed
the smallest decline while the RFR of M5 in the third cycle remained as high as 89%.

3.6. Filtration of BSA Solutions

A similar operation was employed in the filtration of BSA solutions (Figure 5b,
1.0 g L−1, pH 3.6). During the BSA separation, the changing trend was quite similar
to the oil/water emulsion separation (Figure 5a). The blend membranes M4 and M5
showed reduced flux decay (Table 3, 70.3% and 74.4%) as compared to membranes M1
and M2 (Table 3, 83.4% and 87.1%); M5 gave the best relative flux recovery rate (RFR) at
95.5%, indicating the improved antifouling property. The explanation follows the previous
discussion on the oil/water separation. As shown in Table 3, the rejection rates of M4 and
M5 were much higher than that of M1 and M2 due to the decreased membrane pore size.

Table 3. Parameters in the filtration of BSA solutions.

Membranes
J0

/L m−2 h−1

Jp

/L m−2 h−1

Jc

/L m−2 h−1
RFD
/%

RFR
/%

R
/%

RFR/% R/% RFR/% R/%

2nd Cycle 3rd Cycle

M1 439.47 73.15 371.45 83.4 84.5 38.4
not testedM2 547.45 70.19 512.36 87.1 93.6 31.0

M4 186.24 55.27 160.35 70.3 86.1 87.2 82.9 79.3 76.3 65.6
M5 220.47 56.34 210.45 74.4 95.5 85.6 93.2 77.9 88.3 62.4

By using the optimum membranes M4 and M5, which have narrower pore sizes
and good BSA rejections, three repeated filtration cycles were carried out to evaluate the
membrane performance. As demonstrated in Table 3, despite the slight decreased R and
RFR in every cycle, the RFR of M5 was still as high as 88.3%, with the blend membranes
with the highest content of P11 showing good anti-protein-fouling properties.

It is noted that the pH value of the BSA solution was 3.6 and the isoelectric point of
BSA is 4.7, and thus, the BSA molecules at pH 3.6 appears to be positively charged. The
membranes M4 and M5 have been confirmed to have positively charged surfaces: the
electrostatic repulsion between the positive BSA and the positive membrane is suggested
to affect the pollutant rejection and the enhanced antifouling performance.

A test of BSA rejection at different levels of pH was carried out by using the membrane
M5, which possessed the higher ratio of P11 in the polymer mixture, but in different
polymer concentrations. Rejections of M5 were 85.6% (pH 3.6), 81.5% (pH 4.7) and 86.4%
(pH 7.0), respectively. Given the lowest rejection of BSA at pH 4.7 and the fact that the
BSA molecules were neutral and so no specific electrostatic interaction between BSA and
membrane presented there, the pore size screening effect is the major rejection mechanism.
Comparably, membrane M5 showed higher rejections when the pH values of the BSA
solution were 3.6 and 7.0. They are almost the same, but higher than the neutral conditions.
It proved that the retention of pollutants can be assisted by the electrostatic effects, and that
both electrostatic repulsion and electrostatic attraction between the charged pollutant and
the charged membrane surface help the retention improvement.

The data of our previous work [27]—in which the different polycationic liquid P(BVImBr1-
co-PEGMA2) was used in a 1/2 ratio between the two monomers and the obtained PVDF
membranes were also applied into the BSA filtration—are summarized in Table 4. As
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mentioned at the very beginning of this report, we newly synthesized P11 and the monomer
ratio was changed to 1/1. It can be seen in Table 4 that the pure water flux of the membranes
were similar and the membrane hydrophilicity enhanced gradually. All of them showed
~99% BSA rejection; however, the RFR was greatly improved from 76.2% to 97.3%. This is
mainly due to the increased monomer ratio of cationic liquid (BVImBr) in the synthesized
polymer, which enhanced the positive charge of the membrane, and due to the higher
content of cationic P11 in the polymer mixture, the membranes became more positively
charged and hydrophilic, which finally helped the antifouling ability.

Table 4. Parameters of different membranes during the filtration of BSA solution (pH 3.6).

Membranes Pure Water Flux Water Contact Angle R RFR Ref.

Optimum membrane in previous work:
P(BVImBr1-co-PEGMA2)/PVDF = 6/15 200.8 ± 9.0 L m−2 h−1 76.3◦ 99.1% 76.2% [27]

M4: P(BVImBr1-co-PEGMA1)/PVDF = 1/9 193.24 ± 7.39 L m−2 h−1 72.1◦ 99.4% 89.7% this work
M5: P(BVImBr1-co-PEGMA1)/PVDF = 2/8 238.63 ± 6.50 L m−2 h−1 67.0◦ 98.5% 97.3% this work

3.7. The Static Antifouling Performance

Since the blend membranes demonstrated good antifouling performance in the dy-
namic filtrations of typical organic pollutants (oil and protein), the static antipollution of the
membranes was also evaluated by the adsorption test of BSA [29] and antibacterial tests.

Pure PVDF membrane M3 showed no adsorption capacity of BSA molecule (0 mg g−1),
the blend membranes showed an increased adsorption capacity from M4 (0.013 mg g−1) to
M5 (0.017 mg g−1). The main reason should be the increased membrane porosity that may
increase the specific surface area and adsorption sites of the membranes. The electrostatic
interaction between the positively charged surface of the blend membranes and negatively
charged BSA (at pH 7.0) was also considered to facilitate the adsorption process, but
should not be the dominant reason since the adsorption capacity data is very small. Such
low adsorption ability indicated good anti-protein adhesion performance of the blend
membranes, and this is mainly attributed to the good hydrophilicity.

The membranes M3, M4, and M5 were tested for the antibacterial activity against
S. aureus. The results in Figure 6 showed the pure PVDF membrane M3 had almost no
antibacterial ability, while the blend membranes M4 and M5 showed good bactericidal
ability. This is due to the blending of polycationic liquid P11 in the membranes, which can
interact with the negatively charged cell membrane of the bacteria, destroying the structure
of bacteria and killing them [30,31]. With the increase of polycationic liquid, the number of
bacteria (Figure 6a) and the bacterial activity (Figure 6b) were greatly reduced. For example,
the bacterial viability of M5 was as low as 5.74%: the blend membranes showed excellent
bactericidal ability.
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Figure 6. (a) Photographs and (b) the bacterial viabilities of the membranes M3, M4, and M5 against
S. aureus.

4. Conclusions

In this study, a positively charged and hydrophilic PVDF membrane has been well-
developed by blending with a novel synthetic polycationic liquid, P11, via the NIPS method.
By using the membranes M4 and M5, fabricated from 22 wt% of polymer concentration in
the casting solution, the blend PVDF membranes showed excellent antifouling properties
due to the cationic structure of and the hydrophilic segments in P11. The pure water flux
has been improved to 238.63 L m−2 h−1 because of the increased membrane pores. During
the filtration of oil/water emulsion, the membranes showed a very high R at 99.4%, and
up to 97.3% of RFR was achieved after the ultrasonic cleaning of the fouled membranes.
When applied to BSA solution separation, 87.2% R and 95.5% RFR can be detected for
the membranes. After three repeated filtration cycles, although the rejection rates and
the relative flux recovery rate declined slightly, the blend membranes still exhibited good
separation and antifouling effects. Moreover, the static antifouling ability of the membranes
was so strong that extremely low BSA adsorption capacity (0.013 mg g−1) was found, and
the bacterial viability of S. aureus was reduced greatly from 98.9% to 5.74%. In summary,
an efficient anti-pollution separation membrane has been developed which has good
application prospects for water and wastewater treatment.
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Abstract: Hollow fiber membranes were produced from a commercial polyvinylidene fluoride
(PVDF) polymer, Kynar HSV 900, with a unique sandwich structure consisting of two sponge-like
layers connected to the outer and inner skin layers while the middle layer comprises macrovoids.
The sponge-like layer allows the membrane to have good mechanical strength even at low skin
thickness and favors water vapor transportation during vacuum membrane distillation (VMD). The
middle layer with macrovoids helps to significantly reduce the trans-membrane resistance during
water vapor transportation from the feed side to the permeate side. Together, these novel structural
characteristics are expected to render the PVDF hollow fiber membranes more efficient in terms of
vapor flux as well as mechanical integrity. Using the chemistry and process conditions adopted from
previous work, we were able to scale up the membrane fabrication from a laboratory scale of 1.5 kg
to a manufacturing scale of 50 kg with consistent membrane performance. The produced PVDF
membrane, with a liquid entry pressure (LEPw) of >3 bar and a pure water flux of >30 L/m2·hr
(LMH) under VMD conditions at 70–80 ◦C, is perfectly suitable for next-generation high-efficiency
membranes for desalination and industrial wastewater applications. The technology translation
efforts, including membrane and module scale-up as well as the preliminary pilot-scale validation
study, are discussed in detail in this paper.

Keywords: PVDF; hollow fiber membranes; vacuum membrane distillation; flux; liquid entry
pressure; wastewater treatment; desalination

1. Introduction

Freshwater scarcity is becoming a major challenge for meeting requirements toward
basic human needs for agriculture and industry, impeding efforts to meet the global water
demand due to an increase in population and industrialization, particularly in coastal
countries due to the lack of sufficient fresh water sources or storage capacity [1–5]. Only 3%
of the water on Earth is considered fresh water and only 1.2% has potential use as drinking
water because the rest is locked in glaciers, ice caps, and permafrost. To deal with water
scarcity and freshwater shortage, seawater desalination processes are being widely used.
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The current solutions utilized for producing drinking water from seawater largely rely
on thermal methods such as multistage flash and multi-effect distillation (MSF and MED,
respectively) [5–8] as well as pressure-driven seawater reverse osmosis (SWRO) [8,9], which
comprises about 70% of the desalination processes worldwide. However, both thermal and
pressure-driven RO technologies are extremely intensive in terms of energy consumption
and, currently, they strongly depend on fossil fuels for their operation [8,9]. In addition,
although the brine resulting from the SWRO process still has the potential for additional
water recovery, it is very difficult to treat [10,11].

Another potential freshwater source is found through wastewater reclamation. In this
process, the use of reverse osmosis (RO) by itself is not enough and using conventional
processes or a combination of these with RO systems tends to be costly and the purifica-
tion ineffective [11–13]. Due to these reasons, alternative desalination technologies and
the use of renewable energies are being researched and developed to reduce the energy
consumption and improve overall process productivity [14–18].

Membrane distillation (MD) is a promising technology that can potentially compete
with the existing MSF/MED and SWRO solutions and could be capable of overcoming
the issues previously described [17,19,20]. The key benefits of using MD technology
include: (1) less stringent operation conditions compared to conventional desalination,
including lower vacuum, or pumping pressures, (2) higher rejection of salts (theoretically
approaching 100%), (3) larger contact areas in smaller modular footprints, and (4) ability to
treat extremely high salinities of feed water beyond the SWRO tolerance limit. Salts and
non-volatile compounds are rejected by the membrane and could produce an even more
concentrated brine than the one typically obtained by the RO processes, facilitating efforts
toward zero liquid discharge [21–23]. This latter characteristic is an advantage because,
in theory, one can have higher recoveries using MD compared to RO. Finally, (5) the use
of low-grade heat sources, which opens the possibility of the use of renewable energy
sources [10,18,20,24,25].

In membrane distillation, the membrane is one of the key factors that govern the sepa-
ration process in different applications. The MD membrane works as a barrier separating
a feed water solution from the permeate vapor stream and simultaneously transfers the
vapor produced from the feed stream through the membrane wall to the permeate stream.
The permeate stream is condensed on the permeate side or externally using different tech-
niques. MD is a process based on the change in phase due to a thermal gradient allowing
the separation of the volatiles, in this case, water from the feed solution, and applying
the principles of vapor–liquid equilibrium and heat and mass transfer [24,26]. An ideal
MD membrane should be highly porous and hydrophobic, with a very tight pore size
distribution and small pore size, and it should have cheap and easy fabrication conditions
for large-scale production. Many technology breakthroughs using hydrophobic materials in
both flat sheet and hollow fiber membrane configurations have been accomplished, includ-
ing polyvinylidene fluoride (PVDF), polytetrafluoro-ethylene (PTFE), and polypropylene
(PP) [27,28].

The techniques using MD to recover water vary according to what is used in the
permeate side to drive the separation; these include Direct Contact Membrane Distillation
(DCMD), where the permeate side is in contact with cold pure water coming from the
DCMD process itself. In Air Gap Membrane Distillation (AGMD) and Sweeping Gas
Membrane Distillation (SGMD), air or an inert gas is used to collect water vapor that will
be condensed in situ or externally, respectively. In vacuum membrane distillation (VMD),
water vapor is removed by applying vacuum on the permeate side and is subsequently
condensed externally, similar to the SGMD process [12,17,21]. Other liquids and materials
have been used in MD configurations, which are combinations of the above techniques [25].

From these configurations, VMD is one of the most attractive MD processes for
water reclamation purposes due to its lower costs in operation. These costs are related to
fewer stringent mechanical properties needed for the membrane material given that VMD
needs lower temperatures and pressures to work with, including pumping and vacuum
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pressures [29,30]. Using vacuum boosts the water flux due to the gradient in vapor pressure
across the membrane and improves heat and mass transfer as there are no separation
media involved compared to DCMD, for example [31,32]. These characteristics make VMD
suitable for decreasing energy consumption by replacing SWRO or complementing it using
the SWRO brines to extract even more freshwater [29].

The main shortcomings of using vacuum are that the vacuum pressure cannot exceed
the liquid entry pressure (LEPw) to avoid membrane wetting and breaking. Another issue
is the energy consumption related to the heating of the feed solution and the condensation
of the permeate [24,32]. To assess these drawbacks, several works using hollow fiber mem-
branes have addressed different methods to increase the efficiency of the membranes. The
most relevant is membrane fabrication through a spinning process that includes the for-
mulation of the dope composition and the spinning process itself, conducted by thermally
induced phase separation (TIPS) or non-solvent induced phase separation (NIPS) [25].

The dope composition coupled with the preparation are the main obstacles that need
to be overcome for the transition from a bench-scale to a commercial product. PVDF has
been employed for MD membrane manufacturing via NIPS due to its processing versatility,
hydrophobicity, and resistance to a wide range of chemical products [25]. However, the
LEPw values and the mechanical strength of such PVDF membranes have proven to be
unsuitable for scaling up as commercial products. A good hollow fiber PVDF membrane
must have a spongy internal structure with a reduced presence of macrovoids, which are
important to avoid membrane malfunction when they are working under high stresses
from the feed pressure and the vacuum. However, there must be a balance, as a more open
structure (low tortuosity, higher porosity including macrovoids, and pore size) increases
flux, whereas the opposite is important to prevent membrane wetting and failure [33,34].

To design a PVDF hollow fiber membrane for MD with greater mechanical strength
and excellent hydrophobic properties, it is necessary to tackle some intrinsic characteristics
of the dope, specifically the viscosity, which affects the phase inversion and the general
structure of the membranes [25,35]. The concentration of the polymer as well as the solvents
and additives must be formulated to have the correct balance as previously described, and
this has to be coupled with an optimized set of phase inversion conditions [33–37].

The present article is primarily focused on scaling up a patented MD technology for
manufacturing PVDF hollow membranes, which have a unique sandwich structure, from
laboratory scale to commercial scale and producing commercial size modules for pilot
validation [19,20,28,37]. Furthermore, the effects in the final product characteristics of the
PVDF source in the dope formulation, the coagulation bath composition and temperature,
the bore fluid temperature, and the high-speed spinning are investigated in this work. After
the membranes were successfully manufactured, they were used for module fabrication
at various scales, namely 0.5-inch modules (bench scale) and 2-inch modules (large scale).
Two-inch modules were further tested for ≥100 h in a VMD pilot plant, simulating a
seawater desalination process using NaCl solutions (≈35 g/L).

2. Materials and Methods

2.1. Materials

All chemicals used during the membrane fabrication and scale-up were of industrial
and reagent grade and used without further purification. Polyvinylidene fluoride (PVDF 1,
PVDF 2) (Kynar HSV 900 PWD resin, Arkema, Calvert City, KY, USA and Changshu, China,
respectively); lithium chloride (LiCl) (GCE Laboratory Chemicals–TACT Chemie S.E.A.
Pte. Ltd., Singapore); N-Methyl-2-Pyrrolidone (NMP) (Puyang Guangming Chemicals Co.,
Ltd., Puyang city, China); ethylene glycol (EG) (TACT Chemie S.E.A. Pte. Ltd., Singapore);
methanol (MegaChem Ltd., Singapore); hexane HPLC grade (Fisher Scientific, Fairlawn,
NJ, USA); sodium chloride (NaCl) (Pure Dried Vacuum Salt, INEOS Enterprises, Runcorn,
UK). Deionized water was acquired from a PURELAB Option-Q DV 25 unit from ELGA
with a resistivity of 18.2 MΩ·cm.
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2.2. Polymer Characterization

The molecular weights of the two PVDF 1 and PVDF 2 polymers were not provided by
the manufacturer. However, the gel permeation chromatography (GPC) of the commercial
Kynar® HSV900 has been reported to contain two peaks corresponding to the number-
average molecular weights (Mn); one at ~92,840 kDa (24.92%) and another one at ~1367 kDa
(75.08%) [38]. It is possible that the molecular weights of the two polymers may differ from
each other due to process variations at different locations. The potential differences in the
molecular weights of PVDF 1 and PVDF 2 are reflected in the slightly different solution
viscosities measured at the spinning temperature (~50 ◦C), as shown in Table 1.

Table 1. Characterization of PVDF and dope samples.

Polymer PVDF 1 PVDF 2

Melting point (◦C) 162.65 162.64

Crystallization point (◦C) 127.68 126.81

Max. thermal degradation (◦C) 472.49 472.66

Melting enthalpy (J/g) 36.08 33.92

Crystallization enthalpy (J/g) 41.41 36.64

Dope viscosity (Pa·s) 101.93 (@50.1 ◦C) 167.27(@ 51.7 ◦C)

These samples were analyzed using differential scanning calorimetry (DSC), ther-
mogravimetric analysis (TGA), and pyrolysis–gas chromatography–mass spectrometry
(pyrolysis-GCMS).

The DSC analysis (Q20, TA Instruments, New Castle, DE, USA) was performed in
a dry nitrogen atmosphere. Around 5–10 mg of powder was tightly encapsulated into
an aluminum pan. The melting behavior of polymer/diluent samples was analyzed after
equilibrating the sample at 40 ◦C and then heating it at a rate of 10 ◦C/min until reaching a
temperature of 250 ◦C, and subsequently sustaining this value for 2 min. The crystallization
curve was later obtained by cooling the sample to 40 ◦C at a rate of 10 ◦C/min after
equilibrating at 250 ◦C for 2 min. The thermogravimetric analysis (TGA) was conducted
using a thermal analyzer (SDT Q600, TA Instruments, New Castle, DE, USA) under a
nitrogen flow at 100 mL/min. The samples were tested after equilibrating the sample at
40 ◦C and then heating it in a temperature range of 40–700 ◦C at a rate of 20 ◦C/min with
an isothermal treatment at the end point for 5 min.

To perform the pyrolysis-GCMS tests, a GCMS-Pyrolyzer (Agilent Technologies 7890B
GC, Agilent Technologies 5977A MSD, Frontier Lab Multi-Shot Pyrolyzer EGA/PY3030D)
was used. The analysis cup containing a 0.2 mg sample was inserted into the Multi-
Shot Pyrolyzer EGA/PY3030D. Samples were pyrolyzed at 600 ◦C for 1 min. Pyroly-
sis products were injected with a split of 50 using the Agilent Technologies 7890B GC
(equipped with an Ultra ALLOY-5 column (30 m, 0.25 mm, 0.25 mm film of 5% diphenyl–
95% dimethylpolysiloxane) (Frontier Lab). The temperatures of the pyrolizer interface
and the injection port were both set at 300 ◦C. Helium was used as a carrier gas with a
constant flow of 1 mL/min. The initial oven program was set as follows: 40 ◦C for 2 min,
then increased to 320 ◦C at 20 ◦C/min and then maintained for 13 min. Mass spectra were
obtained by the Agilent Technologies 5977A MSD. The interface temperature was set at
300 ◦C, the ion source temperature was set at 230 ◦C, the ionization voltage was set at 70 eV,
and a mass range from 33 to 600 m/z was scanned at a scan speed of 1526 μ/s.

2.3. Fabrication of Hollow Fiber Membranes

The PVDF hollow fiber membranes were fabricated with a formulation of the polymer
dope and spinning conditions developed by Zuo and Chung [28,37]. The spinneret used
is a dual-layer spinneret with a bore output of 0.44 mm and an inner channel between
0.6 and 1.14 mm. The bore fluid was fed from the top and the dope from the side of the
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spinneret. Table 2 summarizes the spinning parameters, such as line speed, air-gap distance,
dope flowrate, and bore fluid flowrate, and includes temperatures of the dope, bore liquid
solution, and the coagulation bath. However, some of the conditions for the mix of the
dope and the spinning of the membranes were modified to adapt the process to large-scale
production and have consistent results. Briefly, PVDF 1 and PVDF 2 were mixed separately
in each batch for 24 h at 65 ◦C. Then, (1) each dope was degassed for another 48 h in the
reactor to guarantee complete dissolution of the polymer and removal of entrapped air
bubbles in the mix; (2) the take-up speed (line speed) of the fiber and the temperature of the
coagulation bath were optimized during the spinning process; (3) dope and bore flowrates
were adjusted to the line speed and to obtain similar results as the baseline work cited;
(4) after spinning, the new fibers were stored in water for 3 days to remove the residual
solvents; (5) the membranes were post-treated with alternate baths of methanol followed by
hexane to remove the water from the fibers and increase hydrophobicity; (6) the membranes
were dried in a dry room at room temperature (RT) at least two days before being inspected
and selected for testing and module production.

Table 2. Spinning conditions for production of PVDF MD hollow fibers. Based on conditions
from Zuo and Chung [28,37]. Design of experiments (DOE) using speed line and coagulation bath
temperature as variables. Bore flowrate was adjusted to the DOE parameters.

Batch Number B1 B2 B3 B4 B5 B6 B7
B8

Onwards

Dope
(wt. %)

PVDF/LiCl/EG/NMP:
13/5/5/77

Bore solution
(wt. %)

NMP/Water:
50/50

Scale-up (kg Dope) 1.5 1.5 1.5 1.5 20 20 50 50
Air gap (mm) 30 30 30 30 30 30 30 30
PVDF source 1 2 1 1 2 1 2 1
Coagulation bath, tap water (◦C) RT and 40 40 40 40 40 40 40 40
Line speed (m/min) 3 9 3 9 9 9 9 9
Dope flowrate (mL/min) 4.5 13.5 4.5 13.5 13.5 13.5 13.5 13.5
Bore flowrate (mL/min) 1.5–4.5 4.5–9.0 1.5–3.0 4.5–6.8 4.5–6.8 4.5–6.8 4.5–6.8 4.5

As part of the initial scale-up trials from a lab-scale fabrication line to pilot-scale
production, two different PVDF (PVDF1 and PVDF 2) sources were identified based on the
prior data, cost of materials, and ease of availability for large-scale production. Different
spinning conditions were employed to optimize the membrane fabrication process, which
could be scaled-up from small 1.5 kg batch sizes to 50 kg batch sizes. The coagulation
bath temperatures and the bore fluid flowrates were varied for both the PVDF materials
employed, as shown in Table 3.

Table 3. Hollow fiber casting conditions for small 1.5 kg batches using PVDF 1 and PVDF 2.

PVDF Batch No
Bore Fluid Flowrate

(mL/min)
Coagulation Bath Temperature

(◦C)
Outer Diameter

(mm)
Inner Diameter

(mm)
Contact Angle (◦)

1 B1-a 1.5 ≈24 1.13 ± 0.01 0.73 ± 0.01 69.3
1 B1-b 3 ≈24 1.29 ± 0.02 0.95 ± 0.01 77.2
1 B1-c 4.5 ≈24 1.38 ± 0.01 1.09 ± 0.01 72.3
1 B1-d 1.5 38.3 1.12 ± 0.01 0.70 ± 0.00 66.6
1 B1-e 3 38.3 1.25 ± 0.03 0.89 ± 0.01 64.1
2 B2-a 4.5 38.6 1.07 ± 0.02 0.66 ± 0.03 70.6
2 B2-b 6.8 38.6 1.16 ± 0.01 0.79 ± 0.01 72.6
2 B2-c 9 38.6 1.25 ± 0.01 0.90 ± 0.01 n/a

The temperatures of the polymer dope were constantly monitored during mixing,
degassing, and spinning. The spinning required up to three working days for batch sizes of
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≥20 kg of dope, which required degassing at the end of each working day. The viscosity
of the different dopes was measured close to the spinning temperature of 55 ◦C using a
viscometer (Cole-Palmer VCPL 340015, Vernon Hills, IL, USA).

The membranes were characterized with a Field Emission Scanning Electron Micro-
scope (FESEM) (JEOL JSM-7200F) operated at 5.0 kV of accelerating voltage. A goniometer
(OCA15EC, DataPhysics Instruments, Filderstadt, Germany) was used to test the static
water contact angle of each membrane using the sessile drop method. A droplet of deion-
ized water was mechanically pipetted onto the membrane surface and a static image of the
droplet on the membrane surface after the equilibrium was taken. This was repeated five
times at different locations of the membrane and the average results were reported. The
optical images of hollow fibers were obtained using a Leica DVM6 optical microscope.

The pore size distribution was determined by a capillary flow porometer (CFP 1500AEX,
Porous Material. Inc., Ithaca, NY, USA), whose working principle was based on the bubble-
point and gas permeation tests. The hollow fiber samples were potted into the sample
holder and soaked by the wetting fluid (Galwick, with surface tension 15.9 × 10–3 N/m)
until completely wet. During the test, the gas flowrate was increased stepwise and passed
through the saturated sample until the applied pressure exceeded the capillary attraction
of the fluid in the pores. By comparing the gas flowrates of both wet and dry samples at
the same pressures, the percentage of flow passing through the pores larger than or equal
to the specified size can be calculated from the pressure–size relationship. The mechanical
properties of hollow fiber membranes were examined using a universal tensile tester (In-
stron 3342, Norwood, MA, USA). Each specimen was firmly clamped by the testing holder
and pulled longitudinally at an elongation rate of 50 mm/min at room temperature. The
corresponding mechanical properties were determined by the built-in software.

In another method, the contact angle was determined using a tensiometer (DCAT11
Dataphysics, Filderstadt, Germany). The contact angle quantifies the wettability of a solid
surface by a liquid. The sample was inserted into an electro balance for cyclical immersion
into DI water. The contact angle was calculated from the wetting force using Wihelmy’s
method. The overall porosity of membranes was determined by the gravimetric method
with the following Equation (1):

Porosity = 1−VolumePolymer

Volumetotal

= 1 − Membrane weight/Membrane volume
Polymer density

(1)

where the PVDF density was 1.78 g/cm3 and the membrane volume was calculated based
on OD and ID of the fibers.

LEPw was determined using dead-end hollow fiber modules containing a single
membrane fiber. LEPw measures the pressure required to force water through the pores of
a dried membrane and is an indication of how easily a hydrophobic membrane could be
wetted. Water was gradually pressurized at a 0.5 bar increment. As water pressure was
increased, water could be pushed out of the membrane pores, and the pressure at which
water droplets were visible on the outer surface of hollow fibers was recorded as the LEPw
of the membranes.

2.4. Membrane Module Testing

The hollow fibers provided were assembled into 0.5-inch diameter or 2-inch diameter
modules, as shown in Figure 1, and tested at the Environment & Water Innovation Centre
of Innovation (EWTCOI) and our facility, Separation Technologies Applied Research and
Translation Centre (START), respectively. For the 0.5-inch modules, after the target tem-
perature of the feed was reached, temperature sensors for the feed inlets and outlets were
calibrated. The feed water was recirculated through the lumen side of the hollow fibers.
The liquid feed entered the module in an upward direction to minimize air bubbles in the
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module. Once the feed inlet temperature in the membrane module reached a steady state,
the vacuum pump was switched on to create a vacuum in the shell side of the hollow fibers.
The timer for permeate collection was started and permeate was collected by condensing
the water vapor either in an ice chip bath, which was periodically refilled with ice chips
(0.5-inch modules) or using a chiller at 15 ◦C (2-inch modules). The amount of permeate
collected was gravimetrically determined using a weighing scale and the electrical conduc-
tivity (EC) was measured. Table 4 shows the conditions for each of the tests and Figure 2
presents a process flow schematic for the in-to-out setup of VMD used in this study, which
was a semi-continuous operation with variation in EC. The feedwater was filled with a
NaCl solution whenever the EC value was nearly doubled or the tank was at half capacity,
whichever came first. Each time the feed was filled, the vacuum was switched off until the
target temperature of the feed was reached again.

 

Figure 1. Scale-up of membrane distillation modules. (a) Lab-scale testing module (0.5-inch diameter);
(b) pilot-scale testing module (2-inch diameter).

Table 4. Characteristics of testing modules and operating conditions for vacuum membrane distilla-
tion (VMD) of water from a NaCl solution. † Estimated values.

Testing Site Lab-Scale Module Pilot-Scale Module

Module (nominal inches) 0.5 2
VMD configuration in-to-out in-to-out
Number of fibers 15 560
Effective length (mm) 120 370
Effective membrane area (m2) 0.0035–0.0051 0.456
Packing density (%) ≈13 † 35
Feed flowrate (L/min) 0.5 8.5–9.5
Feed temperature (◦C) 88 ≥70
Vacuum (bar) −0.80 −0.85
Test duration (hr) ≥1 >100
Feed concentration (g/L NaCl) 35 ≈35.7

211



Membranes 2022, 12, 423

Figure 2. Process flow schematic for the vacuum membrane distillation (VMD) used for testing 2-inch
modules at START.

3. Results and Discussion

3.1. Characterization of Polymers and Dopes

The two samples of PVDF1 and PVDF 2 were similar according to their melting,
crystallization, thermal degradation temperatures, and pyrolysis–GCMS chromatograms,
as shown in Table 1 and in Figure S1 in the Supplementary Materials, respectively. Melting
transition temperatures differed from those reported for pure PVDF (177–179 ◦C) but were
close to the reported values for commercial samples, from 159 ◦C to 173 ◦C [39–41]. Rapid
crystallization was demonstrated by sharp and narrow peaks with a degree of supercooling
of about 35 ◦C difference from the melting points for both samples, as seen in Figure S1.
These crystallization points were lower than the ones reported for pure PVDF, which are
between 139 ◦C and 141 ◦C, at the same rate of cooling [42].

Based on the TGA results, differences with pure PVDF were also observed in its
maximum temperature for thermal degradation [43,44]. However, there were no differences
among the samples examined, as shown in Figure S2 for the TGA thermograms. In the
case of the pyrolysis–GCMS, the peaks on the chromatograms differed by the number of
counts, but the times of separation were the same. The repeating unit of PVDF, vinylidene
fluoride, was separated after 2.5 min for both samples PVDF 1 and PVDF 2. On the other
hand, melting enthalpy, crystallization enthalpy, and the viscosity of the dope showed
a clear difference between the two PVDF samples, as well as with the reported value of
pure PVDF (104.7 J/g) [45]. These differences have an impact on the performance of the
final product characteristics and could be correlated to differences in molecular weight,
polydispersity, or the branching of the PVDF chains [39].

3.2. Characterization of PVDF Hollow Fiber Membranes

The bore fluid flowrate and coagulation temperature were the initial factors that were
chosen to conduct an experimental design based on the previous work [28,37]. The first and
second batches were conducted using a polymer dope of 1.5 kg. The dope B1 and B2 were
made using PVDF 1 and PVDF 2, respectively. For the batch B1, the dope flowrate was kept
constant at 4.5 mL/min and the take-up line speed at 3.0 m/min. The process conditions
for the 1.5 kg batch sizes were optimized by varying the coagulation bath temperature and
the bore fluid flowrate, as shown in Table 3.

The membranes fabricated under these conditions were visually examined using an
optical microscope, and the fiber images are displayed in Figure 3 (B1-a to B1-e). The
membranes were visually examined and their performance in handling during spinning
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was also checked. From B1-a to B1-c, the coagulation bath was kept at room temperature
(≈24 ◦C). Membrane B1-a showed the highest strength (i.e., did not break nor collapse
during spinning) with the highest thickness and the smallest dimensions (i.e., internal
diameter, ID, and outer diameter, OD). Membrane B1-b was in the middle of B1-a and B1-c
in terms of dimensions and showed the characteristic sandwich structure, with a thin layer
of small-size macrovoids that was present in all subsequent batches. B1-c possessed a softer
structure than B1-a as it easily collapsed due to handling during spinning; therefore, B1-c
spinning conditions were not retested. Membranes B1-d and B1-e had the coagulation bath
at a higher temperature. B1-d had a similar dimension to B1-a, while the structure changed
to a more porous one than B1-a due to the higher coagulation bath temperature. The results
are consistent with numerous similar observations reported in the literature [46–48]. It has
been well established that an increase in coagulation bath temperature results in a faster
solvent–non-solvent exchange. Consequently, it leads to a more porous structure, while
a slower de-mixing at lower temperatures results in a denser film [49]. Membranes B1-d
and B1-e were fabricated at a higher coagulation bath temperature of ~40 ◦C and bore
fluid flowrates of 1.5 and 3.0 mL/min, respectively. As shown in Table 3, the increase in
bore fluid flowrate resulted in an increase in ID and OD of the membrane B1-e. A similar
trend was also observed for membranes B1-a, B1b and B1-c, where the diameter increased
as the bore fluid rate increased from 1.5 to 4.5 mL/min, also leading to a reduced wall
thickness. Membrane B1-e started to lose its round shape and the membrane strength
significantly decreased when elevating the bath temperature. From these results, it is
revealed that the membrane dimensions increase and thicknesses reduce when the bore
flowrate is boosted [25,50].

As part of our efforts to scale-up the membrane fabrication process from a lab scale to
a pilot scale, the batches with PVDF 2 were run at a higher take-up speed of 9 m/min and,
consequently, the dope flowrate had to be adjusted to 13.5 mL/min to be consistent with
the lower line speeds used for PVDF 1 batches. As shown in Table 3, membrane B2-a had
the highest strength and the highest thickness of the batch. Membrane B2-b had similar
features as B2-a but with a slightly higher ID. Membrane B2-c appeared deformed due
to its small membrane wall thickness and, therefore, these spinning conditions were not
considered for further experiments. Like the previous batch results, when the bore flowrate
was boosted, the membrane dimensions increased and the thicknesses reduced. As evident
from Table 3, the increased bore fluid flowrate resulted in larger diameters (ID and OD) as
well as a lower wall thickness, eventually leading to the loss of mechanical integrity (for
B1-c and B2-c). As the bore fluid flowrate increased, the solvent–non-solvent exchange rate
increased, leading to higher mass transfer and faster polymer de-mixing. The higher bore
fluid flowrate also radially expanded the fiber dimensions and thinned the fiber wall, thus
reducing the overall mechanical strength [50–52].

The microscopy images and the very feasible optimization of the membranes suggested
that membranes B2-a and B2-b had the potential to be scaled-up to 20 kg and subsequently
50 kg batches. Based on the performance results, it was determined that the conditions
used for the membrane B2-a were most suitable for the final scale-up stage when using
PVDF 1 in the polymer dope instead of PVDF 2.

Figure 4 shows the FESEM images of the membrane samples from a small batch size
(1.5 kg, B1-a) and a large production-scale batch size (50 kg, B8). The SEM images confirm
the formation of the novel sandwich-like structure with a porous inner layer filled with
macrovoids between two thin, denser outer layers. They are consistent with the previously
reported literature [19,33,37].

The sandwich structure, with the two sponge-like layers, improves the mechanical
properties, and increases the evaporation area and the vapor transport during the VMD
process in an in-to-out configuration. The rapid de-mixing in the outer layer is due to the
use of water as a non-solvent, which produces a closer porous structure than the inner
layer that helps to avoid membrane wetting due to condensation in the permeate side. The
inner surface is more porous due to the use of an NMP/water solution (50/50 wt./wt.)
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as the bore fluid, which delays the phase inversion. LiCl and EG are used to decrease the
miscibility of the solvent in the dope, allowing a more controlled liquid–liquid extraction
of the dope. LiCl, by increasing the dope viscosity, also helps to reduce the size of the
macrovoids, thereby increasing the strength of the membranes. While the inner surface of
B8 is still very porous, it is less porous than the smaller scale batches B2-a and B2-b. This
small change in the structure is probably due to the increase in dope viscosity shown in
Table 1 when using PVDF 1 as the base polymer.

 

Figure 3. Changes in membrane morphology with changes in spinning conditions. B1: samples from
PVDF 1 dope. B2: samples from PVDF 2 dope.
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Figure 4. FESEM of PVDF hollow fiber membranes. (a,e) Cross-section of membrane; (b,f) zoom-in
of membrane’s cross-section; (c,g) inner surface of membrane; (d,h) outer surface of membrane.

The porosity, contact angle, and thickness of the samples increased when the polymer
in the dopes was changed from PDVF 2 to PDVF 1, as shown in Figure 5. The membranes
made from PVDF 1, prepared using similar spinning and dope conditions as the membrane
B-2a (Table 3), showed higher contact angle and porosity values than the ones from PVDF 2
for batch sizes of 1.5 kg and 20 kg, as shown in Figure 5.

Figure 5. Porosity, contact angle, and thickness of produced hollow fiber membranes in each batch.
Small scale: 1.5 kg batch; medium scale: 20 kg batch. (a) Fibers made with PVDF 1 dope; (b) fibers
made with PVDF 2 dope.

On the other hand, the tensile strength decreased when the production was scaled-up,
as shown in Figure 6. This behavior could be explained by the constant tension to which the
membranes were subjected during the long continuous fabrication process. The spinning
process was performed for up to three days due to the larger quantities of dopes, and these
conditions could have subtle changes in dope compositions from one day to the next. Here,
the tensile strength was proportionally higher when using PVDF 1 in the dope than when
PVDF 2 was used, as shown in Figure 6a. The tensile strain also decreased when increasing
the batch size using PVDF 1 (Figure 6a). On the contrary, the tensile strain values seemed
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to increase when using PVDF 2 in the dope. It is worth noting that from batch B3 onwards,
the conditions of the spinning process were adopted at larger scales of 20 kg and 50 kg
(see Table 2); thus, the values obtained by the large-scale batch (50 kg) show that there
was an optimization of conditions that led to an increase in the mechanical properties. In
addition, the LEPw values showed more consistency between batches, which is a very
important feature for obtaining better results in the VMD process. These findings suggest
that large-scale reproducibility is commercially achievable with small changes aiming to
increase production.

Figure 6. Tensile strength and strain and liquid entry pressure (LEPw) of water in produced hollow
fiber membranes in each batch. Small scale: 1.5 kg batch; medium scale: 20 kg batch; large scale:
50 kg. (a) Fibers made with PVDF 1 dope; (b) fibers made with PVDF 2 dope.

3.3. VMD Tests

Once assembled, the small 0.5-inch modules prepared using PVDF 1 and 2 dopes were
placed in a vacuum membrane distillation unit at the EWTCOI facility. These modules were
tested by treating a 35 g/L synthetic NaCl feed solution, which was used to simulate sea-
water to validate the membrane modules for desalination application, as per the operating
parameters outlined in Table 4. The modules were prepared using membranes spun using
the conditions described in Tables 2 and 3 in a 1.5 kg batch size, and characteristics such as
salt rejection and flux were evaluated in VMD mode (Figure S4). The VMD tests performed
on the 0.5-inch modules showed a higher flux for hollow fibers produced from the dope 1
than from the dope 2, with differences of about 20 L/m2.h for the same spinning conditions
(B3 vs. B5). The salt rejection, based on electrical conductivity (EC) measurements, re-
mained consistent with values close to 100% for all modules tested, as seen in Figure S4. In
comparison to the research reported in the literature, the membranes produced in this work
showed higher flux values under similar operating conditions [29,32]. It is worth noting
that with each batch iteration, the consistency in the membrane characteristics increased
and was maintained, especially for the batches that used PVDF 1 (Figure S4a). These VMD
results of the 0.5-inch modules from smaller-scale batches confirmed the suitability of PVDF
1 for the full-scale spinning process, as discussed in the previous section.

Once the production conditions were selected, 2-inch modules were assembled (Figure 1b)
and tested using a custom-built MD unit capable of operating in VMD and DCMD modes.
The process flow diagram for the VMD operation using the skid is shown in Figure 2.
Figure 7 depicts the VMD test results for the 0.5-inch and 2-inch modules at EWTCOI and
START facilities, respectively. In order to evaluate the reproducibility of the membrane
characteristics as a function of dope batch sizes, two sets of 0.5-inch modules were assem-
bled with membranes prepared from small- and medium-size batches (i.e., 1.5 kg and 20 kg
dope sizes) and then compared with 2-inch modules assembled with membranes prepared
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from a large batch size of 50 kg. As shown in Figure 7, the fluxes of small 0.5-inch modules
remained high at 47 L/m2.h and 60 L/m2.hr for membranes prepared from 1.5 kg and
20 kg batch sizes, respectively. However, as the module size is increased to 2-inch, the flux
drops significantly to ~10 L/m2.h.while the salt rejection remains >90%. The high salt rejec-
tion indicates that the membrane’s microporous structure is still intact and reproducible
at different batch sizes; the decline in flux may be attributed to module characteristics
such as flow pattern, flow distribution, and temperature polarization. This flux decline
phenomenon tends to be higher in an in-to-out configuration, thus diminishing the mass
and heat transfer efficiencies in 2-inch modules [53–56].

Figure 7. Flux and rejection of VMD tests in each batch using PVDF 1. All tests were performed for
time ≥ 1 h using 0.5-inch modules and time ≥ 100 h using 2-inch modules. Small scale: 1.5 kg batch;
medium scale: 20 kg batch; large scale: 50 kg.

Due to the limitations of the existing VMD unit, the effects of some operating parame-
ters such as feed flowrate, temperature gradient, pressure differential across the membranes,
and temperature polarization coefficient (TPC) were not thoroughly evaluated in the cur-
rent study. A larger 5000 L/day capacity pilot unit with the requisite engineering design to
study the effect of the above-mentioned operating parameters on permeate flux is under
construction and the results from VMD testing of 16 4-inch modules will be the subject of a
subsequent publication.

In order to evaluate the long-term performance and to assess failure modes such as
pore wetting under the given test conditions, the 2-inch modules were tested with synthetic
seawater prepared with a 35 g/L NaCl, in a batch mode previously described, for over
100 h. The pilot unit was operated for 5–6 h per day with the feed water replenished
at the beginning of the day. The flux and the salt rejection data for the 2-inch modules
are summarized in Figure 8. Throughout the test duration, the salt rejection and the
permeate flux remained consistent at ~100% and within 8–9 L/m2·h, respectively, despite
the variations in feed concentrations due to the batch mode operations previously described.
The stable permeate flux through the test duration and under the given conditions indicates
that the membrane pore structure remained intact with no pore wetting, which would have
otherwise caused a spike in the permeate conductivity, not seen in this study.
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Figure 8. Rejection and conductivity of the feed and permeate as a function of runtime from pilot
tests using a 2-inch module.

It is important to highlight that the flux of the 2-inch module was nearly six times lower
than the highest flux previously reported for the 0.5-inch modules (Figure 7). The significant
drop in flux with an increase in module size can be attributed to several factors such as
(a) multi-fold increase in the membrane area as well as a much tighter packing density in a
larger module, leading to a decrease in the residence time at the feed flowrates employed,
(b) a high conductive heat loss leading to the loss of driving force for water vapor transport,
and (c) sub-optimal flow distribution either in laminar flow regime or the transition flow
regime, all resulting in less efficient mass transfer across the membrane [55,56]. Despite
this reduction in flux, the product water flux using the 2-inch module falls within the
range of previously reported works where the tests were carried out on a pilot scale [24,54].
These results confirm the long-term effectiveness and high performance of the sandwich-
structured hollow fibers developed in this study.

In addition, test conditions such as feed temperatures and flowrates, as well as the test
duration, have an impact on the flux (see Table 4 and Figure 9) [55]. For example, the lower
feed flowrate used in the 0.5-inch modules increases the residence time, leading to a higher
flux. However, these conditions are not suitable for use in industrial or commercial settings
because of the very low productivity rates. Nevertheless, the results of the 2-inch modules
show fluxes almost four times higher than and comparable rejections to SWRO systems,
which are typically in the range of 2.5–3 L/m2.h bar and ~99.7% salt rejection, respectively,
making these produced hollow fibers suitable alternatives for desalination.
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Figure 9. Flux and feed temperature profile from pilot tests using a 2-inch module.

4. Conclusions

In this study, we successfully scaled-up a lab-scale membrane fabrication process to
produce a novel sandwich-like structure comprising an inner porous layer with control-
lable macrovoids between two thin layers of sponge-like dense layers. The membrane
morphology was optimally designed for membrane distillation applications. The mem-
brane fabrication processes were scaled-up from 1.5 kg batch sizes to 20 kg and 50 kg, clearly
demonstrating the feasibility of translating the chemistry and process to a manufacturing
set up. The membrane properties such as porosity, mechanical strength, and morphology
were optimized by careful control of the spinning conditions. The scaled-up membranes
prepared using the optimized conditions were assembled into small 0.5-inch diameter
modules with 15 fibers (i.e., an effective membrane area of ~0.0035–0.0051 m2) as well as
2-inch diameter modules (i.e., an effective membrane area of 0.46 m2), which were tested
using MD testing units in VMD mode against a synthetic feed water simulating seawater
concentration (35 g/L NaCl). The small modules showed a very high flux of >40 L/m2·h
under the operating conditions, while the flux drops to ≤10 L/m2·h as the module size is
increased to 2-inch. Nevertheless, the 2-inch modules tested for over 100 h demonstrated
the long-term efficiency of the membranes with a flux maintained at ~8.8 L/m2·h while
the salt rejection remains close to 100%. These results validate the morphological design
employed for the novel PVDF membranes that imparts high mechanical integrity as well
as optimal pore structure for highly efficient vapor transport. While the observations are
highly encouraging and stand testimony to the suitability of these membranes in applica-
tions such as seawater desalination and high-strength industrial wastewater treatment for
recycle and reuse, challenges with retaining the flux still linger as the modules are further
scaled to a commercial industrial scale of 4-inch or 8-inch diameters. The future efforts of
our group are to be extensively focused on module scale-up and field validation using a
5000 L/day pilot unit against actual seawater or industrial wastewater. The results from
the pilot validation will be the subject of subsequent publication.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes12040423/s1. Figure S1. DSC of different PVDF
powders used for hollow fiber membrane manufacture. (a) PVDF 1, USA origin; (b) PVDF 2, China
origin; Figure S2. DSC-TGA of different PVDF powders used for hollow fiber membrane manufacture.
(a) PVDF 1, USA origin; (b) PVDF 2, China origin; Figure S3. Pyrolysis–GCMS chromatograms of
PVDF at 600 ◦C. Orange—PVDF 1; green—PVDF 2; Table S1. Characteristics of manufactured hollow
fibers. FR: flowrate; CB: coagulation bath; ID: internal diameter; OD: outer diameter; Figure S4. Flux
and rejection of VMD tests in each batch. All tests were performed for time ≥ 1 h and using 0.5-inch
modules. Descending values based on flux (LMH). (a) Fibers made with PVDF 1 dope; (b) fibers
made with PVDF 2 dope.
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Abstract: The concept of thermophilic membrane-aerated biofilm reactor (ThMABR) is studied
by modeling. This concept combines the advantages and overcomes the disadvantages of con-
ventional MABR and thermophilic aerobic biological treatment and has great potential to develop
a new type of ultra-compact, highly efficient bioreactor for high-strength wastewater and waste
gas treatments. Mathematical modeling was conducted to investigate the impact of temperature
(mesophilic vs. thermophilic) and oxygen partial pressure on oxygen and substrate concentration
profiles, membrane–biofilm interfacial oxygen concentration, oxygen penetration distance, and oxy-
gen and substrate fluxes into biofilms. The general trend of oxygen transfer and substrate flux into
biofilm between ThAnMBR and MMABR was verified by the experimental results in the literature.
The results from modeling studies indicate that the ThMABR has significant advantages over the
conventional mesophilic MABR in terms of improved oxygen and pollutant flux into biofilms and
biodegradation rates, and an optimal biofilm thickness exists for maximum oxygen and substrate
fluxes into the biofilm.

Keywords: membrane-aerated biofilm reactor; thermophilic membrane-aerated biofilm reactor;
thermophilic biological treatment; biofilm; mass transfer; modeling

1. Introduction

Treatment of high-strength chemical oxygen demand (COD) industrial wastewater
and waste gases has posed a significant challenge to engineers and scientists. Novel
technologies for wastewater COD removal and waste gas treatment are highly desirable for
sustainable development and pollution control. Recently, two promising approaches have
emerged as competitive alternatives for process intensification in wastewater treatment
facilities that can handle larger substrate loads and achieve higher effluent quality without
increasing the footprint [1,2]. These two approaches are membrane-aerated biofilm reactor
(MABR) technology [3,4] and thermophilic aerobic biological treatment (TABT) [5], which
has a high oxygen transfer rate in MABR and a high biodegradation rate in TABT, and the
synergy of these two technologies will develop a highly efficient and compact biological
treatment system.

In an MABR system, the biofilm is immobilized on the outside of a gas-permeable
membrane where the oxygen and gas pollutants are supplied for biodegradation, while the
nutrients and wastewater pollutants are transported into the biofilm from the opposite di-
rection [6]. The use of gas-permeable membranes to deliver oxygen and gas pollutants can
achieve bubble-free aeration as well as extremely high removal efficiency for gas pollutants.
This novel design represents a high energy efficiency compared to conventional biolog-
ical treatment processes. In addition, the average TN removal in the biofilm membrane
reactor was increased by around 6% compared with conventional membrane bioreactor [7].
Moreover, MABR technology is particularly suitable for the treatment of wastewaters
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containing volatile organic compounds (VOCs) and waste gases containing hydrophobic
compounds, which are challenging to conventional aerated biological wastewater treatment
and biofiltration technologies [8,9].

Nevertheless, the development of the MABR technology has been mainly a laboratory
curiosity and only a few full-scale applications have been reported [3,10]. A common
observation from most researchers is excessive biofilm formation (mm thickness) and
decreasing pollutant flux rate with time [11]. Consequently, strategies for controlling biofilm
thickness and porosity and increasing the penetration depth of oxygen, pollutants and
nutrients in biofilms are crucial to improve the performance of the MABR. Unfortunately,
only limited work [11] has been done in this area. It is believed that a breakthrough in
biofilm structure control, particularly with respect to thickness and porosity, will lead to
the development of commercial MABR technologies.

Findings from the literature review also indicate that optimization of MABR tech-
nology suffers from a lack of detailed fundamental knowledge about biofilm structure
(thickness, density, porosity, diffusivity, microbial populations and their spatial distribu-
tions across biofilm depth) [12–15]. These fundamental properties have a dramatic influence
on biofilm formation, transport, and reactions within biofilms. Previous studies assumed
that the biofilm on gas-permeable membranes was homogeneous [16,17]. Moreover, a past
work on conventional fixed biofilms suggests that there is a constantly changing population
mixture and physical properties inside the biofilm [18]. Therefore, more realistic models to
describe reactions and transport in biofilms will require a better understanding of biofilm
structure. The full potential of MABR technology will only be realized when strategies for
biofilm structure control and the relationship between biofilm structure and activity are
properly understood.

The other emerging technology for waste abatement is the TABT process. It is a
unique and relatively new process characterized by rapid biodegradation rates, low sludge
yields, and excellent process stability [19]. Under thermophilic conditions (45–65 ◦C),
substrate utilization rates are 3–10 times higher than those observed in mesophilic processes
(25–35 ◦C) [20,21], and the sludge yield is similar to that of anaerobic processes [22].
These advantages have made Thermophilic MABR (ThMABR) extremely suitable for the
treatment of high-strength industrial wastewater, such as pulp and paper mill effluent
and food processing wastewater. However, low oxygen solubility combined with the
high oxygen transfer rate required to sustain rapid biodegradation makes the selection of
aeration equipment one of the most critical processes at thermophilic temperatures [23].
In addition, the poor flocculation potential and foaming problem of thermophilic bacteria
represent other unique challenges for biomass separation in the suspended growth process.

In this paper, the concept of ThMABR technology is proposed and studied by theoreti-
cal analyses and modeling. Coupling the advantages of conventional MMABR technology
with TABT overcomes their disadvantages and represents an innovative approach to the
treatment of high-strength industrial wastewater and waste gases. On the one hand, the
gas-permeable membrane is the ideal piece of aeration equipment for the delivery of the
high-rate oxygen transfer required for rapid biodegradation in the ThMABR process; such
rates are not achievable with conventional aeration technologies. On the other hand, the
low yield and dispersing growth nature of thermophilic microorganisms represent a unique
strategy for controlling the excessive growth of biofilms on the gas-permeable membrane.
In addition, thermophilic treatment increases the penetration distance of oxygen, pollu-
tants and nutrients in biofilms significantly due to increased diffusivities and decreased
viscosities at thermophilic temperatures. It is anticipated that an ultra-compact, highly
efficient bioreactor will be developed for high-strength wastewater and waste gas treatment
through the ThMABR concept.

This communication presents theoretical analyses and modeling results of ThMABR
and MMABRs. The particular interest are the differences between ThMABRs and MMABRs
in terms of oxygen and pollutant flux and penetration distances and biodegradation rate.
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2. Materials and Methods

2.1. Theoretical Analysis of the Impact of Temperature on Biofilm, Water and Mass
Transfer Characteristics

As a biological treatment system, the ThMABR is mainly composed of membranes
for oxygen delivery, and biofilms formed on membrane surfaces for biodegradation. Oxy-
gen, pollutants and nutrients are transferred into the biofilm for biodegradation with a
counter-diffusion manner. Among various factors that affect the performance of MABR,
temperature plays a dominant role [24]. The various temperatures resulted in changes in
biofilm characteristics (thickness, density, porosity, growth and detachment rates, microbial
community, biodegradation rate, etc.), water and gas properties (viscosity, surface tension,
density, etc.), membrane properties (pore size, tortuosity, solubility) and transport proper-
ties (diffusivity, flux, permeability). In return, these properties have a profound effect on
the overall performance of ThMABR.

2.1.1. Impact of Temperature on Biofilm Properties

As shown in Figure 1, biofilm is the layer between the membrane surface and the bulk
water phase, and mainly consists of microorganisms, extracellular polymeric substances
(EPS), which are excreted by the cells, and which immobilize these cells and entrap par-
ticles within the matrix of biofilm. Biofilm is one of the most important components in
MABR, as physical, chemical and biological properties of biofilms determine diffusion
and biodegradation rates within the biofilm. Although extensive studies have been con-
ducted on biofilms, the literature review indicates that most temperature-related studies
focus on the formation of biofilm and very little attention has been paid to the impact
of temperature on physical and chemical properties. Zhang and Bishop [25] found that
the freezing technique in preparing biofilm samples for micro-slicing had no obvious
adverse effects on biofilm properties (density, pore size, etc.) compared to that of the
control samples. Overall, there is a lack of fundamental information on the temperature
impact. However, it is clear that when the temperature is changed from the mesophilic
(25–35 ◦C) to the thermophilic (45–65 ◦C) range, different microbial communities will be
expected [25]. Thermophiles will survive at thermophilic temperatures and mesophiles
will grow at mesophilic temperatures.

Figure 1. Schematics diagram of membrane-aerated biofilm reactor (MABR).

225



Membranes 2022, 12, 418

It is generally assumed that substrate consumption rate rs within a biofilm can be
described by Monod growth kinetics for two limiting substrates (oxygen and organic
substrate) (Cs and Co):

rs = μmax

[
Cs

(Ks + Cs)

][
Co

(Ko + Co)

]
(1)

where Ks is the substrate half-saturation constant and Ko is the oxygen half-satura-
tion constant.

In general, biodegradation rates are doubled for every 10 ◦C increase, in the range
of 5–30 ◦C. A comparison of the biodegradation rates between the mesophilic and the
thermophilic temperature may be difficult, owing to changes in microbial communities.
However, it is generally accepted that biodegradation rates in thermophilic temperatures
are much higher (3–10 times) than those in the mesophilic temperature range. Lapara and
Alleman summarized the available biokinetic constants for the temperature range from 20
to 58 ◦C [2]. According to these figures of biokinetic constants against temperature [2], the
maximum specific rate of microbial growth, maximum specific rate of substrate utilization
and endogenous decay rate are strong functions of temperature. Although these data
are obtained from the suspended growth biomass, it is believed, in principle, that similar
trends will be observed for attached growth biomass. The oxygen transfer is a limiting
factor in thermophilic treatment, due to the low oxygen solubility, high biodegradation
rate, poor flocculation of biomass, and foaming issues. Thus, thermophilic treatment would
negatively affect bacteria activities and may reduce process stability. Therefore, aeration
must be precisely controlled to promote microbial activity and optimize organic removal
and process stability.

Diffusion in biofilms is a complicated process, due to the heterogeneous nature of
the biofilm structure. The pore size of channels and the porosity, tortuosity and thickness
of biofilm affected the diffusivity of the oxygen and substrate. Past work assumed that
the diffusivity in biofilms is equal to that in water, considering the majority of biofilm
is water [23], while others consider the diffusivity in biofilm an effective diffusivity Deff,
which is equal to the diffusivity in water times the physical parameters of biofilm (porosity,
tortuosity, pore size) [26]. López and coworkers explained the following equation to
estimate the effective diffusivity in biofilms [27].

De f f =(εDw

)
/τ (2)

where ε is the porosity of biofilms, τ is the tortuosity factor, and Dw is the diffusivity
of water.

A change in temperature affects not only the physical properties of the bulk solution
but also the physical properties of biofilms. As a result, the effective diffusivity in biofilms
increases with an increase in temperature.

The impact of temperature on biofilm growth rates is generally well understood.
However, very limited information is available in terms of the influence of temperature
on detachment rates. It is generally believed that thermophiles have a poorer flocculat-
ing ability than mesophiles, e.g., the thermophiles have a dispersing growth nature. In
addition, more substrate is converted to carbon dioxide and water instead of cell mass at
thermophilic temperatures. Consequently, it is reasonable to believe that the growth rate
of thermophilic biofilm thickness will be lower than that of the mesophilic biofilms under
similar testing conditions.

2.1.2. Impact of Temperature on Water and Gas Properties

It is well known that the physical properties of water and gas are strong functions
of temperature.

Empirical equations are as follows to correlate physical properties of water and gas
with temperature.
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The viscosity of water equation that is accurate to within 2.5% from 0 ◦C to 370 ◦C is
shown below [28]:

μ(w) = 2.414 × 10−5 × 102.478/(T−140) (3)

where T has units of Kelvin, and μ(w) is the water viscosity which has units of Pa.s.
Sutherland’s formula can be used to derive the dynamic viscosity of an ideal gas as a

function of the temperature [29].

μ(g) = μ0(T0 + C)(T/T0)
1.5/(T + C) (4)

where μ(g) is the dynamic viscosity of gas (Pa·s or μPa·s) at input temperature T, μ0
is reference viscosity (in the same units as μ) at a reference temperature T0, T is input
temperature (K), T0 is reference temperature (298 K), and C is Sutherland’s constant for the
gaseous material in question.

Lapara and coworkers provide an excellent summary of the physical properties of
water at thermophilic temperatures [30]. It is concluded that an increase in temperature
from the mesophilic to the thermophilic temperature range reduces the viscosity and surface
tension of water and increases mixing and colloid solubility in water, which will improve
oxygen, pollutants and nutrient transfer rates. In addition, the increase in temperature
reduces the saturation oxygen concentration in water and thus increases oxygen driving
force across the membrane and enhances oxygen transfer.

In bulk liquid solution, diffusivities of oxygen and substrates are proportional to
T/μ [31], that is

DWT1

DWT2
=

T1

T2

μT2

μT1
(5)

where Dw is the diffusion coefficient in water, T1 and T2 are the corresponding absolute
temperatures, and μ is the dynamic viscosity of the solvent. An increase in temperature
results in a decrease in bulk liquid solution viscosity. Accordingly, diffusivities of oxygen
and substrates in biofilms are proportional to Tn (n > 1) (e.g., an increase in temperature
leads to the increase in diffusivities in bulk liquid solution). The diffusivity of oxygen in
the bulk liquid solution is increased from 2.1 × 10−5 cm2/s at 25 ◦C to 4.67 × 10−5 cm2/s
at 60 ◦C [31].

In the lumen side of membranes, oxygen transfer to the biofilm involves adsorption,
diffusion and desorption processes. According to the Chapman–Enskog kinetic theory, the
diffusivity of oxygen in the bulk gas solution is proportional to T1.5/μ [31], that is

DAB(T1)

DAB(T2)
= (

T1

T2
)

1.5(μT2

μT1

)
(6)

An increase in temperature results in a decrease in viscosity. Consequently, the
diffusivity of oxygen in the bulk gas phase is proportional to Tm (m > 1.5). Estimation
indicates that the oxygen diffusion coefficient in water is strongly affected by temperature.
This effect is even stronger in the case in air, more than doubling as temperatures increase
from 20 to 60 ◦C [32].

2.1.3. Impact of Temperature on Membrane Properties

An increase in temperature results in an increase in pore size, due to the impact of
swelling [33]; thus, a high flux or permeability will be anticipated at a higher temperature.
In addition, an increase in temperature leads to a lower solubility and higher diffusivity of
oxygen in membranes.

Empirical correlations based on previous research data [34–36] are regressed using the
Arrhenius equation as follows:

Oxygen solubility in Polydimethylsiloxane (PDMS) membrane:

SOg = 3.88014 × 10−11 × e−58322.13/RT (7)
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(Gas–PDMS membrane interface, T = 293–313 K)

SOw = SOg × H (8)

(Water–PDMS membrane interface, H-Henry’s constant 0.0635, T = 273–333 K)
Oxygen permeability in PDMS membrane:

POg = 1.1042 × 10−11 × e−47601/RT (9)

(Gas–PDMS–Gas, T = 293–313 K)
Effective diffusivity of oxygen in the membrane is a function of pore diffusivity, the

porosity of membrane, and the solubility of oxygen in membrane and is expressed as
follows [36]:

De f f =
DABε

ε + (1 − ε)SOg
(10)

Temperature is an important factor that has significant degradative effects on mem-
brane filtration because of the nature of seasonal changes in the temperature of raw water.

2.2. Mathematical Modelling of the Impact of Temperature on the Performance of MABR

Based on theoretical analyses and the fundamental equations that correlate the tem-
perature and parameters mentioned above, a counter-diffusion and reaction mathematical
model was developed, with the temperature impact incorporated, to study the trans-
port and reaction processes in ThMABRs. Of particular interest is the comparison of the
performance between MMABR and ThMABR.

The following set of equations was developed and used for cylindrical hollow
fiber membranes.

Oxygen flux to bulk water solution without biofilms on membrane surface [37]:

J =
(

Pm ∗ H
Le

)(
32 ∗ PO

H
− CO|r = rb f -in

)
(11)

where Pm is the permeability of oxygen; H is Henry’s constant of oxygen; Le is the effective
thickness of silicone membrane; and Po is the partial pressure of oxygen gas.

Oxygen flux cross membrane can be further expressed according to oxygen concentra-
tions in the gas phase and in the biofilm at the membrane–biofilm interface [18]:

J = Kd(
Co,g

H
− Co,0) (12)

where Co,0 and Co,g are the dissolved oxygen concentrations in the membrane and biofilm
bottom (g O2 m−3), kd is the overall mass transfer coefficient of oxygen (m day−1), and
Henry’s constant is H.

Under steady-state conditions, diffusion and reaction of oxygen and substrate within
biofilms can be described using the following equations based on Fick’s first law and
Monod equation [31,37,38]:

DOe f f

[
d2CO

dr2
+ (

1
r
)

dCO
dr

]
−

[
μmS

KS + S

][
CO

KO + CO

] Xb f

YXO
= 0 (13)

DSe f f

[
d2S
dr2

+ (
1
r
)

dS
dr

]
−

[
μmS

KS + S

][
CO

KO + CO

] Xb f

YXS
= 0 (14)

where DSe f f and DOe f f are the effective diffusivity of substrate and oxygen in biofilm
at temperature T, respectively; KS and KO are the half-saturation constant of substrate
and oxygen at temperature T, respectively; μm is the maximum specific growth rate at
temperature T; YXS, and YXO are the biofilm yield based on substrate utilization and oxygen
consumption for biofilm growth, respectively; Xb f is the density of biofilm.

228



Membranes 2022, 12, 418

Boundary conditions can be calculated based on mass balance [31,37,39]:
r = rbf-in,

DOe f f
dCO
dr

|r = rb f -in= −
(

Pm ∗ H
Le

)(
32 ∗ PO

H
− CO|r = rb f -in

)
(15)

DSe f f
dS
dr

|r = rb f -in = 0 (16)

r = rbf-out,

DOe f f
dCO
dr

|r = rb f -out=

(
DOW

LS

)(
Cb − C

∣∣∣r = rb f -out

)
(17)

DSe f f
dS
dr

|r = rb f -out=

(
DSW
LS

)(
Sb − S

∣∣∣r = rb f -out

)
(18)

where DSW is the substrate diffusivity in water, LS is the thickness of the stagnant layer of
liquid. In order to simplify computations, the linear Finite-Difference Method is introduced.
In this paper, MATLAB2021a (9.10.0.1710857) was used for data calculation and analysis.

2.3. Model Validation

The experiment data were collected from past literature as the input in this modeling
work, as shown in Table 1. The diffusion coefficients were estimated based on Equation (5)
and past literature [31,40–43]. Other kinetic parameters, such as Ko and Ks, are from
literature [44–46].

Table 1. Parameters for numerical modeling of diffusion and reaction in membrane-attached biofilm,
MMABR and ThMABR.

Parameters Symbol Unit
Typical Value

MMABR (25 ◦C)
Typical Value

ThMABR (60 ◦C)
Typical Value

ThMABR (55 ◦C)

Oxygen diffusivity in biofilm Doeff m2/s 1.67 × 10−9

[41]
3.37701 × 10−9

(Equation (5))
3.32632 × 10−9

(Equation (5))

Substrate diffusivity in biofilm Dseff m2/s 1 × 10−9

[42]
2.00216 × 10−9

(Equation (5))
1.99181 × 10−9

(Equation (5))
Oxygen half-saturation constant KO g/m3 0.2 [44] 0.2 [44] 0.2 [44]

Substrate half-saturation constant KS g/m3 20 [44] 20 [44] 20 [44]
Maximum growth rate μm 1/s 2.3148 × 10−5 [2] 1.1574 × 10−4 [2] 1.1574 × 10−4 [2]

Biomass yield based on oxygen Yxo / 0.2 [45] 0.2 [45] 0.2 [45]
Biomass yield based on substrate Yxs mg/mg substrate 0.45 [2] 0.35 [2] 0.35 [2]

Biofilm density Xbf g/m3 55,000 [31] 55,000 [31] 55,000 [31]

Permeability Pm gmole*m/(m2*s*pa) 1.65 × 10−13 [45] 2.81 × 10−13

[Equation (9)]
2.73 × 10−13

[Equation (9)]
Effective thickness of hollow fiber

membrane Le m 7.52 × 10−5 [37] 7.52 × 10−5 [37] 7.52 × 10−5 [37]

Substrate diffusivity in water Dsw m2/s 1.26 × 10−9 [43] 2.54792 × 10−9

(Equation (5))
2.37 × 10−9

[Equation (5)]
oxygen diffusivity in water Dow m2/s 2.41 × 10−9 [40] 5.15 × 10−9 [40] 4.76 × 10−9 [40]

Outside radius of hollow fiber
membrane r0 m 3.18 × 10−4 [37] 3.18 × 10−4 [37] 3.18 × 10−4 [37]

Outside radius of biofilm rb m 8.18 × 10−4

(This study)
8.18 × 10−4

(This study)
8.18 × 10−4

(This study)
Henry’s constant H atm*m3/mole 0.769 [46] 1.15761 [46] 1.09767 [46]

The operation conditions and information of membrane modules in literature were
shown as follows. The influent was composed by a mixture of sodium acetate solution and
glucose (50% glucose COD/50% sodium acetate COD in distilled water) with 1200 mg/L
COD [20]. The experimental system was sequencing batch reactor MMABR and ThMABR
system operated at room temperature and 55 ◦C, respectively. At the beginning of each
reaction cycle, each batch of MABR was manually added to 1.5 L of synthetic wastewater
and the reaction time was 1 day [20]. The composition details of the nutrient feed could
be found in Liao and Liss’s work [20]. The membranes of MMABR and ThAnMBR are
hollow fiber silicone (Model: M60-130W-200L-FC8, 13 cm wide × 20 cm long, supplied by
Nagayanagi Co., Ltd., Yashio, Japan) [20].

In order to maximize the modeling results effectively, it can be used to compare the
modeling results with the experimental results and examine the overall impact of reactor
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design and biofilm properties and operating conditions on overall MABR performance.
Therefore, the past experiment comparison work about COD removal efficiency [20] in
MMABR and ThMABR could be considered a validation for the present model.

3. Results and Discussion

The results are organized for discussion in terms of model validation using literature
data, oxygen and substrate concentration profiles, biological activity profiles, membrane–
biofilm interfacial oxygen concentration, oxygen penetration distance, and oxygen and
substrate fluxes into biofilms under thermophilic and mesophilic conditions.

3.1. Model Validation

Liao and Liss [20] found out that MABR running at a thermophilic temperature
(ThMABR) was more effective than MMABR in COD removal and biofilm thickness con-
trolling for a synthetic high-strength organic wastewater treatment. Therefore, with the
same experiment parameters as the inputs at 55 ◦C (biofilm thickness of MMABR is 1080 μm
and biofilm thickness of ThMABR is 280 μm), the general trend of model prediction on sub-
strate removal rates could be validated by Liao and Liss’ [20] investigation. The comparison
between COD removal rate in this model and literature was shown in Table 2.

Table 2. The comparison between modeling predictions and experiment results from literature [20].

Biofilm Reactor
Outside Radius
of Hollow Fiber

(μm)

Inner Radius of
Hollow Fiber

(μm)

Biofilm
Thickness (μm)

Simulate COD
Removal Rate

(g/d)

Experiment
COD Removal

Rate (g/d)
Relative Error

MMABR (air 4 psi) 320 200 1080 [20] 2.5780 1.1625 [20] 121.7%
MMABR (air 6 psi) 320 200 1080 [20] 2.6466 1.2375 [20] 113.8%
ThMABR (air 4 psi) 320 200 280 [20] 8.5929 1.6532 [20] 419.8%
ThMABR (air 6 psi) 320 200 280 [20] 9.0763 1.6826 [20] 439.4%

The experimental results from the literature [20] verified the general trend of the
higher COD removal efficiency in the ThMABR system similar to the present model.
The variation of COD removal rate in the literature [20] from MMABR and ThMABR
was not as significant as that predicted by the modeling study, which shows the notable
change between MMABR and ThMABR. The deviation between the modeling study and
experimental results could be explained by the following reasons: (1) First, the experimental
data were from a sequencing batch reactor MMABR and ThMABR study and, unfortunately,
the COD profile (decrease) with respect to reaction time (in one reaction cycle) was not
monitored and only the COD level at the end of the reaction (24 h) was determined and
used for the COD removal rate calculations. It is very likely that the majority of COD was
biodegraded and reached a flat residual COD in a shorter period of time much less than
24 h (particularly for the ThMABR), and in this case, the experimental COD removal rates
could be many times higher than the one reported here and much closer to the modeling
results. (2) The difference between the modeled results and experimental results could also
be partially caused by the back diffusion of water vapor into the lumen side of the hollow
fibers, which caused additional mass transfer resistance of oxygen to biofilm. It was noted
that much more water condensate was observed from the ThMABR system, due to the
higher back diffusion of water vapor at the thermophilic temperature [20]. Even with this
significant difference, the general tendency in both still showed that the ThMABR provided
better COD removal efficiency than that of MMABR. The more rigorous validation process
is still required in future work.

As Table 2 shows, the modeling and experimental results both show that an increase
in the oxygen partial pressure led to an improved COD removal efficiency. These results
clearly show the advantages of the ThMABR system. The ThMABR system showed a
higher substrate flux or COD removal in both the modeling and experimental results.
Thermophilic biofilms were much thinner than mesophilic biofilms, which implied that
operating at thermophilic temperatures might be an effective approach to controlling
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biofilm thickness. This explains why the ThMABR performed better than the MMABR—
because a thicker biofilm in the millimeter thickness range deteriorated the performance of
the MMABR. Similarly, when the oxygen pressure changed to 6 psi, the substrate flux was
still higher than the flux in the MMABR system. According to the experimental results, the
simulated results are reasonable. The pollutant removal efficiency of ThMABR is higher
than the removal in MMABR. The experimental results from the literature [20] verified the
general trend of the higher COD removal efficiency in the ThMABR system.

3.2. Impact of Temperature (Thermophilic vs. Mesophilic) on Oxygen and Substrate
Concentration Profiles

Figures 2 and 3 show the concentration profiles of oxygen and substrate within
biofilms. The results suggest that the penetration distance of both oxygen and substrate
strongly depends on the membrane–biofilm interfacial oxygen concentration. For a low
substrate concentration (Sb = 50 mg/L), substrate transfer is the rate-limiting step; for
a medium substrate concentration (Sb = 100 mg/L), a dual limitation (both oxygen and
substrate transfer limitation) is observed in biofilms; for a high substrate concentration
(Sb = 200 mg/L), oxygen transfer is the rate-limiting step. In both situations (thermophilic
and mesophilic conditions), substrate either fully or partially penetrates the biofilm, while
oxygen always partially penetrates the biofilms.

In most cases for municipal and industrial wastewater treatment, oxygen transfer
is the rate-limiting step. Therefore, an increase in interfacial oxygen concentration is
required to accommodate biological reactions in biofilms. This can be achieved by using
pure oxygen for oxygen transfer. The use of pure oxygen for replacing air can increase the
interfacial oxygen concentration and thus increase the penetration distance significantly [47].
Simulating the oxygen and substrate transport process in biofilm can be used to predict
the pollutant removal efficiency and oxygen utilization rate. Figure 2 shows the oxygen
transport process at different substrate concentrations in an MMABR and a ThMABR with
air and pure oxygen supply. Compared with previous modeling studies [31,48], this profile
is more reasonable, as the impact of dissolved oxygen concentration in the bulk water phase
on oxygen and substrate transfer is considered here. The dissolved oxygen concentration
was around 2 and 8 g/m3 at the end of biofilm in the bulk water phase under thermophilic
and mesophilic temperatures, respectively. The oxygen profile in this simulation is similar
to the result of Ntwampe et al. [49] and Matsumoto et al. [50].

In the oxygen concentration profile of the ThMABR system, the substrate concentration
had a positive impact on oxygen utilization rate in both biofilm reactors. With increasing
substrate concentration, the oxygen utilization rate increased. This increase stimulated
the activity of microbial communities on the biofilm, which increased the reaction rate.
Compared with MMABR, the oxygen concentration in the ThMABR system displayed a
faster reaction rate and better oxygen utilization rate. The biofilm thickness in the ThMABR
system is thinner than biofilm in the MMABR system as well. This explains why the
performance of ThMABR is better than MMABR, because thicker biofilms in the millimeter
thickness can degrade MMABR performance. These results also proved that the ThMABR
system has more advanced points than the MMABR system. Thermophilic biofilms were
much thinner than mesophilic biofilms, implying that operation at thermophilic tempera-
tures could be an effective method to control biofilm thickness. This result is similar to Liao
and Liss [20].
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Figure 2. Oxygen concentration profile in MMABR and ThMABR: (a) air supplying; (b) pure
oxygen supplying.
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Figure 3. Substrate concentration profile in ThMABR and MMABR: (a) air supplying; (b) pure
oxygen supplying.

The substrate concentration decreased with a decreased biofilm thickness, which
means a decline in the substrate utilization rate as biofilm thickness increased [43]. As
shown in Figure 3a, when the substrate concentration was increased to 200 g/m3, a more
significant difference in substrate removal could be found. A more significant substrate
concentration decrease was observed in the ThMABR system. The ThMABR system had a
better oxygen utilization performance, which supported that ThMABRs would provide
more advanced performance on pollutant removal than the MMABR system.
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If oxygen supply from the air was changed to pure oxygen, the oxygen concentration
profiles under different operation conditions were totally similar. The modeling results
of ThMABR still showed its outstanding removal abilities, especially for high-strength
wastewater (Figure 3b). These results show that increasing oxygen partial pressure would
increase reactor performance. However, the present model only considered the aerobic
process in the MABR system. As the anaerobic parameters are still limited in the literature,
the anaerobic process requires further study.

3.3. Impact of Temperature on Oxygen Penetration Distance into Biofilms

For a high-strength wastewater treatment, oxygen transfer is usually the limiting
rate step. Therefore, it is important to know the penetration distance of oxygen within
biofilms in order to control the biofilm thickness. The penetration distance of oxygen in
a ThMABR and MMABR is shown in Figure 2a,b. The penetration distance of oxygen in
MMABR is larger than that in ThMABR. This is probably not surprising, as the interfacial
oxygen concentration in MMABR is always higher than that in ThMABRs. In addition,
the consumption rate of oxygen in ThMABRs is higher than that in MMABRs. With
substrate concentration increased, the distance of oxygen penetrated into biofilm distance
was reduced. As shown in Figure 2b, when the air was replaced by pure oxygen, the
penetration distance of oxygen almost doubled. This phenomenon is similar to that found
by Wang and coworkers [51]. The penetrated distance in MABR was still higher than the
distance in ThMABR. These results also indicate the advanced oxygen utilization of the
ThMABR system.

3.4. Impact of Temperature on Membrane–Biofilm Interfacial Oxygen Concentration

The membrane–biofilm interfacial oxygen concentration is important in determining
the penetration distance of oxygen in biofilms. Usually, a high membrane–biofilm interfacial
concentration is associated with a larger penetration distance of oxygen in biofilms. A
comparison of interfacial oxygen concentration between ThMABR and MMABR is shown
in Figure 4. The results suggest that interfacial oxygen concentration in MMABR is higher
than that in ThMABR under similar conditions. Of particular interest is the presence of a
minimum interfacial oxygen concentration in terms of biofilm thickness. The presence of the
minimum interfacial oxygen concentration may suggest the presence of an optimal biofilm
thickness for maximum oxygen fluxes into biofilms. When the biofilm thickness is thinner
than the optimal biofilm thickness, an increase in biofilm thickness results in increased
consumption of oxygen and thus reduces the interfacial oxygen concentration. When the
biofilm thickness is thicker than the optimal biofilm thickness, a further increase in biofilm
thickness introduces more transport resistance for both oxygen and substrate and thus
reduces the availability of substrate concentration at the membrane–biofilm interface, which
corresponds to an increase in interfacial oxygen concentration. When the biofilm thickness
is thinner than the optimal biofilm thickness, an increase in biofilm thickness results in
increased consumption of oxygen and thus reduces the interfacial oxygen concentration.
On the other hand, when the biofilm thickness is thicker than the optimal biofilm thickness,
a further increase in biofilm thickness introduces more transport resistance for both oxygen
and substrate and thus reduces the availability of substrate concentration at the membrane–
biofilm interface, which corresponds to an increase in interfacial oxygen concentration.
An optimization point of biofilm thickness can be observed in this paper. The profile of
interfacial oxygen concentration in both biofilm reactors had the lowest point at certain
biofilm thicknesses, which means the highest oxygen flux could be obtained at an optimal
biofilm thickness. It provided a new design idea for future lab-scale research.
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Figure 4. Interfacial oxygen concentration profile in ThMABR and MMABR: (a) air supplying;
(b) pure oxygen supplying.

Figure 4b shows that the use of pure oxygen for replacing air can increase the interfacial
oxygen concentration from about 6.5–8 to 36–38 g/m3 in the MMABR system but only
from 3.75–5.3 to 22–25 g/m3 for ThMABR. Thus, the pure oxygen increased the penetration
distance significantly. The use of sealed hollow fibers to deliver oxygen can achieve
100% utilization of oxygen. The optimal biofilm thickness in MMABR is hard to observe.
However, the optimal thickness in ThMABR increased to double. It indicated that using
pure oxygen to operate the ThMABR system needs thicker thickness.
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3.5. Impact of Temperature on Oxygen and Substrate Fluxes into Biofilms

Figures 5 and 6 show the oxygen and substrate fluxes into biofilm in MMABR and
ThMABR, respectively. The results suggest that the presence of a thin layer of biofilm
could enhance the flux of oxygen into biofilms. This can be explained by the fact that
the presence of a thin layer of biofilm would consume oxygen and thus reduce interfacial
oxygen concentration, which led to an increase in oxygen flux into a biofilm. However, a
further increase in biofilm thickness resulted in a minimum interfacial oxygen concentration,
which corresponded to a maximum oxygen flux into a biofilm. The result indicates that
an optimal biofilm thickness exists for a maximum oxygen flux into biofilms. After the
optimal biofilm thickness, any further increase in biofilm thickness will introduce excessive
transport resistance for oxygen and substrate transport and thus reduce the oxygen and
substrate fluxes into biofilms. The optimal biofilm thickness strongly depends on the
intracellular oxygen pressure [52].

A comparison of oxygen and substrate fluxes into biofilms between ThMABRs and
MMABRs indicates that ThMABRs have advantages over MMABRs in terms of oxygen and
substrate fluxes into biofilms. In a biofilm thickness close to the range of optimal biofilm
thickness, the oxygen and substrate fluxes into biofilms in ThMABRs are about 30% higher
than those in MMABRs. However, the advantages of fluxes in ThMABRs are reduced
when biofilm thickness is further increased. The advantages of fluxes in ThMABRs totally
disappear if the biofilm thickness is large enough. These results suggest that precise control
of biofilm thickness at the range of optimal biofilm thickness is essential for achieving the
advantages of ThMABRs.

According to Figures 5b and 6b, the pure oxygen increased the peak of oxygen flux,
which improved substrate fluxes as well. Thus, by increasing the oxygen pressure inside the
membranes, we can further increase the flux of oxygen and the substrate removal rate [53].
The peak of the high-strength (Sb = 200 g/m3) oxygen flux decreased non-significantly in
ThMABRs. It also showed thinner biofilm thickness more obviously. In both operation
conditions (air and pure oxygen supplying), ThMABRs always displayed advanced removal
abilities for the pollutant, which have already been applied in full-scale water treatment by
their advantages. The thermophilic membrane biofilm system plants have been successfully
used for pulp and papermaking wastewater treatment and food processing wastewater
treatment. Both systems prove that there are many advantages compared to mesophilic
bacteria. Compared to mesophilic bacteria, the biological properties of ThMABRs may be
better, comparable or worse. The use of TABTs for high-temperature industrial wastewater
treatment and sludge digestion significantly saves energy and enables energy-neutral or
actively processed plants [54].
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Figure 5. Oxygen flux comparison at different substrate concentrations: (a) air supplying; (b) pure
oxygen supplying.
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Figure 6. Substrate flux comparison at different substrate concentrations: (a) air supplying; (b) pure
oxygen supplying.
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3.6. Limitations of the Present Study

Based on the modeling results discussed above, it is evident that the biofilm may
have aerobic, anoxic, and anaerobic zones co-existing on the membrane surface. The
current model used in this study only considered the aerobic process for COD removal and
has ignored the anoxic and anaerobic processes for COD and nutrient removal. Thus, the
current models are more applicable for high-strength COD industrial wastewater treatments
with the need of adding nutrients based on the biological reaction stoichiometry. For more
comprehensive models that account for the contributions of anaerobic COD and nutrient
removals, nitrifications should be developed and integrated into the current models for
a comprehensive modeling and prediction of the MMABR and ThMABR processes in
the future.

The current experimental results [20] only partially validate the general trend of the
modeling results in terms of COD removal rates between the MMABR and ThMABR
processes. The single hollow fiber MMABR and ThMABR system and experiments should
be designed to precisely validate the modeling results, such as oxygen and substrate profiles
among biofilm thickness. In this case, oxygen and substrate microsensors and the biofilm
thickness monitoring technique are needed to get the needed information to validate the
modeling results. This should be conducted in future studies.

4. Conclusions

The concept of ThMABR was proposed for high-strength wastewater and gas treat-
ments. Theoretical analyses and modeling were conducted to elucidate the advantages and
disadvantages of the ThMABR, as compared to the MMABR. The main conclusions are
drawn below:

(1) An increase in temperature from the mesophilic to the thermophilic range results in a
significant increase in the oxygen and substrate fluxes into biofilms. The oxygen and
substrate flux into biofilms at 60 ◦C is 2–3 times higher than that at 25 ◦C, respectively.

(2) Under similar operating conditions, the oxygen penetration distance of ThMABRs is
smaller than that of the MMABRs, implying that the control of biofilm thickness in
ThMABRs is even more important than in MMABRs.

(3) Under similar operating conditions, the membrane–biofilm interfacial oxygen concen-
tration in ThMABR is lower than that in MMABRs.

(4) An increase in oxygen partial pressure demonstrates that the advantages of the ThMABR
are even superior to that of the MMABRs in treating high-strength wastewaters.

(5) The general trend of the higher substrate removal rates observed in the modeling study
of the ThMABR was partially verified by the literature experimental results, although
they were not perfect. Well-controlled single-fiber MABR experiments should be
designed together with biofilm microsensor techniques to verify the modeling results
in the future.
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Abbreviations

MMABR mesophilic membrane-aerated biofilm reactor
ThMABR thermophilic membrane-aerated biofilm reactor
TABT thermophilic aerobic biological treatment
PDMS Polydimethylsiloxane
J flux (g/m2*d)
Kla overall mass transfer coefficient (min−1)
T absolute temperature of liquid under testing (K)
E modulus of elasticity of water at temperature T, (kNm−2)
μ dynamic viscosity of the solvent
ρ density of water at temperature T, (kg m−3)
σ interfacial surface tension of water at temperature T, (N m−1)
Po saturation pressure at the equilibrium position (atm).
CO,g dissolved oxygen concentrations in the membrane (g O2 m−3)
CO,0 dissolved oxygen concentrations in the biofilm bottom (g O2 m−3)
Kd the overall mass transfer coefficient of oxygen (m day−1)
Ko oxygen half-saturation constant (mg/L)
Ks substrate half-saturation constant (mg/L)
H Henry’s constant (atm*m3/mole)
μ(w) viscosity of water (Pa·s)
μ(g) viscosity of gas (Pa·s)
SOg oxygen solubility in gas phase (g/L)
SOw oxygen solubility in liquid phase (g/L)
POg oxygen permeability in PDMS membrane (Barrer)
Dw diffusion coefficient in water (m2/s)
DAB diffusion coefficient in air (m2/s)
ε porosity of biofilms
τ tortuosity factor
COD chemical oxygen demand
μm maximum growth rate (1/s)
Yxo biomass yield based on oxygen
Yxs biomass yield based on substrate
Xbf biofilm density (g/m3)
Pm Permeability of oxygen gas (gmole*m/(m2*s*Pa)
Le effective thickness of hollow fiber membrane (m)
Ls stagnant layer of liquid (m)
Dsw substrate diffusivity in water (m2/s)
Dow oxygen diffusivity in water (m2/s)
rbf-in outside radius of hollow fiber membrane (m)
rbf-out outside radius of biofilm (m)
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Abstract: Solar-driven interfacial water purification and desalination have attracted much attention
in environmentally friendly water treatment field. The structure design of the photothermal materials
is still a critical factor to improve the evaporation performance such as evaporation rate and energy
conversion efficiency. Herein, an asymmetric cellulose/carbon nanotubes membrane was designed as
the photothermal membrane via a modified droplet method. Under 1 sun irradiation, the evaporation
rate and energy efficiency of pure water can reach up to 1.6 kg m−2 h−1 and 89%, respectively.
Moreover, stable reusability and desalination performance made the cellulose/carbon nanotubes
membrane a promising photothermal membrane which can be used for solar-driven desalination.

Keywords: droplet method; carbon nanotubes; porous materials; interfacial evaporation; solar
energy materials

1. Introduction

In recent years, solar-driven interfacial evaporation has attracted widespread atten-
tion [1–4]. Many studies have shown that this emerging water treatment technology
has great application prospects in seawater desalination and water purification [5–8].
Compared with traditional desalination technologies such as reverse osmosis (RO), multi-
stage flash distillation (MSF), multi-effect distillation (MED) and vapor compression dis-
tillation (VCD), solar-driven interfacial desalination can maximize water recovery and
reduce fossil fuel consumption by inducing various materials with light-to-heat conversion
properties [7,9–11]. Therefore, it is considered to be one of the most promising technologies
for water purification and desalination [12].

To improve the overall evaporation performance, photothermal membranes with
vertically oriented, wrinkled or layered structure can be constructed by freeze-drying
and hydrothermal methods to enhance the light absorption capacity and accelerate the
vapor diffusion [13–19]. Although these membranes of different structure can achieve
great performance of photothermal evaporation, their photothermal-vapor conversion
capacities are relatively low, because the efficient photothermal steam generation is also
somewhat related to the porous structure. Solar-driven interfacial desalination used porous
structure membranes exhibits more excellent performance in terms of optical absorption,
photothermal conversion and photothermal interfacial evaporation [20,21]. At present, the
reported preparation methods of porous membranes include template method, stretching
and electrospinning [22–24]. These preparation methods are expected to be great strategies
for preparing photothermal membranes with excellent interfacial evaporation performance,
but most of them are complicated in operation, which are not conductive to large-scale
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application [25–28]. Therefore, a simple method to synthesize photothermal evaporation
membranes with abundant pore structures is urgently needed.

It has been reported that utilizing the gas–liquid interface can fabricate the ordered
porous membranes. For example, the porous poly (lactic acid) membrane obtained by
polymerizing or precipitating at the gas–liquid interface using the template of monolayer
colloidal crystal floating on the liquid surface [29]. Adopting the two-phase anisotropy at the
gas–liquid interface, asymmetric membranes with porous structures can be obtained [30–34].

Recently, inspired by membrane formation on the gas–liquid interface, droplet meth-
ods have been adopted in preparing porous membranes due to its uncomplicated oper-
ation. The typical process is summarized as follows: (1) Preparation of polymer solu-
tion for droplets formation. The droplets are homogenous solution composed of poly-
mer, solvent and additions which improve the structure and performance of membranes.
(2) Preparation of coagulation bath. The coagulation bath is composed of nonsolvent and
solvent. Changing the proportion of solvent and nonsolvent could affect the structure
of the prepared membranes. (3) Droplets dropping from the fixed nozzle. The droplets
drop from nozzle and fall into the coagulation bath at a certain height to form membrane.
There are some factors affecting the formation of membranes such as solution concentration,
droplet height [35–37]. However, the key point is the selection of solvent and nonsolvent.
The solvent must completely dissolve the polymer while the nonsolvent cannot dissolve
the polymer, and the solvent should be miscible with the nonsolvent. When the droplet
of homogenous solution is in contact with coagulation bath, the exchange of solvent and
nonsolvent at the gas–liquid interface leads to phase separation, forming a polymer-rich
phase (to form dense skin layer) and polymer-poor phase (to form porous structure).
Subsequently, phase separation continues until the polymer-rich phase completely solidi-
fies, forming an asymmetric porous membrane [38–41].

Herein, an asymmetric cellulose/carbon nanotubes membrane with porous structure
was prepared by modified droplet, in which a mixed polymer solution of cellulose, poly-
methacrylic acid (PMAA), ionic liquid and carbon nanotubes (CNTs) was dropped into the
coagulation bath. Under the combined effects of gravity, buoyancy and surface tension,
droplet of polymer solution dropping into the coagulation bath would form a membrane
at the gas–liquid interface of the coagulation bath. PMAA increased hydrophilicity as a
polymer electrolyte and ionic liquid was used to dissolve cellulose. CNTs were used as
photothermal materials to convert the absorbed light energy [42,43]. At the same time, it
also acts as a supporting network together with cellulose to stabilize the porous structure.
The three-dimensional (3D) interconnected pores structure of the membrane can effec-
tively improve the evaporation performance by reducing light reflection and accelerating
vapor escape.

2. Materials and Methods

2.1. Materials

Carbon nanotube were multi-walled CNT with a length of 1~2 μm and outer di-
ameter of 20~40 nm obtained from Shenzhen Nanotech Port Co., Ltd. Cellulose was
received from Shanghai Aladdin Bio-Chem Technology Co., LTD. (Shangai, China) 1-
Butyl-3-methylimidazolium chloride ([Bmim] Cl, >99%) was obtained from Shanghai Yiji
Industrial Co., Ltd. (Shangai, China) Methacrylic acid (MMA, AR), dimethylformamide
(DMA, AR), sodium chloride (NaCl, AR), methylene blue (biological dye, BS), methyl
orange (biological dye, BS) were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shangai, China). Distilled water was received from Harbin Wenjing Distilled Water Factory.

2.2. Acidification of Carbon Nanotubes

First, 5 g pristine multi -walled CNTs with lengths of 1~2 μm were added to 500 mL
of the mixed strong acid solution with H2SO4/HNO3 which was a volume ratio of 1/3.
The mixture was uniformly mixed under magnetic stirring, then heated to 333 K and stirred
at reflux for 3 h. After cooling to room temperature, the solution was poured into a beaker
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and diluted with deionized water, and then filtered under reduced pressure until the sample
became neutral. Finally, the acidified carbon nanotubes were prepared by drying at 323 K
in a vacuum drying oven. Through the modification of acidification, oxygen-containing
functional groups were added to improve the hydrophilicity of materials so that they can
be fully dispersed in solvents.

2.3. Fabrication of Cellulose/CNTs Membrane

In this experiment, the cellulose/CNTs membrane was prepared by a droplet method.
First, 0.15 g cellulose powder and 0.15 g PMAA were added to 3 g 1-Butyl-3-methylimidazolium
chloride ([Bmim] Cl) at 80 ◦C and stirred for 2 h until they were completely dissolved.
Then, 5 mL of N, N-Dimethylformamide (DMF) solution containing 20 mg acidified CNTs
was poured into the above solution and mixed thoroughly. After that, the obtained solution
was transferred to a 10 mL syringe and dropped into a coagulation bath with DMF/water
(volume ratio = 1/1) through a micro-syringe pump at a height of 10 cm above the liquid
level, thereby forming a composite membrane on the surface of the coagulation bath with
DMF/water solution (Figure 1). Subsequently, the composite membrane was repeatedly
washed with water to remove [Bmin] Cl and PMAA, and then freeze-dried using liquid
nitrogen. The resulting cellulose/CNTs membrane was named as CCM. As a control, cellu-
lose membrane without any CNTs were also prepared according to the above procedure,
which was named as CM. Cellulose membrane without porous structure by freeze-drying
prepared solution directly for another control experiment was named as CCM-N.

Figure 1. Schematic diagram of the preparation of the cellulose/CNTs membrane.

2.4. Characterization

The surface morphologies and cross-section morphologies of the CCM were character-
ized by a scanning electron microscope (Hitachi, Tokyo, Japan, S-4800). Surface chemical
composition of CCM was examined by an ATR-FTIR spectra which was measured by
using a Spectrum One instrument (Perkin Elmer, Waltham, MA, USA). UV-vis-NIR diffuse
reflectance spectra (DRS) was measured with a Perkin-Elmer Lambda 950 UV-vis-NIR
spectrophotometer (USA). The concentrations of ions were detected by inductively coupled
plasma-optical emission spectrometer (ICP-OES, Optima 8300, Perkin Elmer, USA).

2.5. Solar-Driven Interfacial Evaporation Experiments

To investigate the solar-driven interfacial evaporation performance, the cellulose
membrane with/without CNTs was employed as the photothermal material and placed on
a transporter-assisted evaporation system. A polystyrene foam and a glass fiber filter were
used as the heat insulation and water channel, respectively. In this experiment, the area of
the membrane used was 4 cm2, and the volume of water used was 20 mL. All evaporation
experiments were conducted under a solar simulator (Perfect Light PLS-SXE300DUV).
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The mass of the water loss is measured by an electrical balance. The surface temperature
of the photothermal membrane was measured by an infrared thermal image (FLIR ONE).
The solar-heat energy conversion efficiency (η) was calculated using the following formulas:

η =

.(
mlight − mdark

)
hLV

I
× 100%

hLV = c(Tsur f ace − T0) + L

L = −0.00006T3
sur f ace + 0.0016T2

sur f ace − 2.36T1
sur f ace + 2500.8

where mdark and mlight are water evaporation rates under dark and light conditions, respec-
tively. hLV is the total enthalpy, c is the specific heat capacity and L is the specific latent heat
of phase change. Tsurface and T0 represented the temperature of the evaporation surface and
bulk water reservoir, respectively.

The desalination efficiencies of different ions(ηi) were calculated using the following
formulas [44–46]:

ηi =
C0 − Ct

C0
× 100%

where C0 is the concentrations of different ions before desalination and Ct is the concentra-
tions of different ions after desalination.

3. Results and Discussion

When the droplet enters the DMF/water solution of coagulation bath, they will sink
to the liquid under gravity. Meanwhile, [Bmim] Cl molecules in the droplet diffuses into
the DMF/water solution, resulting in generating large number of tiny pores. As [Bmim]
Cl content in the droplet decreases, the 3D spherical droplet becomes a two-dimensional
(2D) membrane and then floats on the surface of the coagulation bath. Since [Bmim] Cl
molecules diffuse relatively rapidly when the droplet contacts with DMF/water solution,
the cellulose/CNTs mixed polymer solution occurred gelation, dense skin layers are formed
on the liquid–liquid surfaces of the CCM (Figure 1). The dense skin layer could help resist
the pulling effect of surface tension in the coagulation bath. In contrast, the interior of the
CCM exhibited an obvious 3D interconnected porous structure, whose reason lied in the
sufficient solvent diffusion.

The modified droplet method for preparing the CCM mainly involves phase-inversion
process in the coagulation bath. There are many influencing factors of phase-inversion,
and the key factors of phase-inversion are solvent type and composition, polymer type
and composition, non-solvent type and composition and membrane forming conditions.
In this process, cellulose/CNTs in the droplet is selected as polymer, [Bmin]Cl/DMF in
the droplet as solvent, and DMF/water as nonsolvent (the coagulation medium) [47].
Therefore, attention also needs to be paid to the concentration of solvent and nonsolvent.
When the droplet enters the coagulation bath, a portion of the droplet surface is in contact
with the nonsolvent of the coagulation bath. Due to the gradients in density and/or
interfacial energy of the polymer-nonsolvent interface, slow convective flow of nonsolvent-
solvent occurs in the droplet, resulting in a large number of small pores which is the
sponge-like 3D interconnected porous structure [47,48]. The membrane at liquid–liquid
interface presents a dense structure due to the direct contact between the coagulation bath
and the droplet. The other part of the droplet surface, that is not in direct contact with
the nonsolvent of the coagulation bath, is relatively distant from the nonsolvent, so it has
difficulty forming convective flow with the nonsolvent. The relatively high concentration
of polymer causes it gather together, resulting in the size of pores at the gas–liquid interface
are relatively large [48,49]. The modified droplet method is achieved at the interface by
gravity, buoyancy and interaction between the surface tension of cellulose/CNTs mixed
solution and the surface tension of the coagulating bath. The main purpose of adding
DMF is to adjust the surface tension of cellulose/CNTs mixed polymer solution and
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coagulation bath. The addition of DMF had little effect on gravity and buoyancy, so their
impact could be almost ignored in this research. When the appropriate content of DMF
is added to cellulose/CNTs mixed solution, the concentration of cellulose/CNTs mixed
solution at the liquid–liquid surface is higher than that at other parts of the membrane
through phase separation, so that the CCM would form a dense layer at the liquid–liquid
surface. The dense layer can better resist the surface tension of the coagulating bath and
prevent the film from being damaged by the surface tension of the coagulating bath.
Therefore, when the droplet is dropped into the coagulation bath, the solution bead is
formed in the coagulation bath and, at the same time, the original stable state should
be destroyed to make the cellulose/CNTs solution flow so as to make the droplet form
a membrane [50]. So, there are two crucial factors affecting the preparation of CCM:
cellulose/CNTs mixed polymer solution concentration and coagulation bath concentration.

As shown in Figure 2, when the DMF/water volume ratio of the coagulated bath
remained unchangeable and the DMF content of droplet increased, the concentration of
cellulose/CNTs mixed polymer solution decreased and the surface tension of droplet
would decrease, which would also affect the state of CCM formation. It was taken as the
research object that DMF/water volume ratio of the coagulation bath was 1/3 (surface
tension= 0.07100 N m−1). As the DMF content in the droplet increased and concentration
of cellulose/CNTs mixed polymer solution decreased, the final state of the droplet in the
coagulation bath gradually changed from bead-like to membrane-like and then even was
split into small pieces. This was because the surface tension of the droplet was unable to
resist the surface tension of the coagulating bath, therefore the droplet was split under the
action of the surface tension of the coagulating bath. As can be seen from the Figure 2, due to
the surface tension of the cellulose/CNTs mixed polymer droplet which added 4 mL DMF
(surface tension = 0.07112 N m−1) was too large to form a membrane, the droplet fell into the
coagulation bath and formed like-bead float on the coagulation bath under combination of
gravity, buoyancy and surface tensions. Meanwhile, the surface tension of the droplet was
too small, due to the addition of 7 mL DMF (surface tension = 0.06711 N m−1). When the
droplet dropped into the coagulating bath, the surface tension of the droplet cannot compete
with the surface tension of the coagulating bath. So, it was difficult to form a complete
circular membrane and will be dispersed into small pieces or the membrane formed was
too thin. With the increase of DMF content, the gelation degree of cellulose/CNTs mixed
polymer solution also decreased, and it cannot resist the surface tension of coagulation
bath effectively.

In Figure 2, by fixing DMF content of cellulose/CNTs mixed polymer droplet and
increasing DMF/water volume ratio of coagulation bath, the surface tension of coag-
ulation bath would decrease, but the decrement was small. If DMF cellulose/CNTs
mixed polymer solution added 6 mL DMF was taken as the research object (surface
tension= 0.06756 N m−1), we can clearly see that different volume ratio of coagulation
bath had different effect on the formation of membrane. With the decrease of the vol-
ume ratio, the formed membrane gradually changed from a thin membrane which was
split easily to a circular membrane with uniform and appropriate thickness, finally a
complete film cannot be formed. Considering the two variables, the membrane which
was prepared from cellulose/CNTs mixed polymer solution added 6 mL DMF and water
(surface tension = 0.07222 N m−1) was similar to the membrane which was prepared from
cellulose/CNTs mixed polymer solution added 7 mL DMF (surface tension = 0.06711 N m−1)
and coagulation bath with DMF/water (volume ratio = 1/3). The appearance further illus-
trated that CCM obtained from the interaction between the surface tension of coagulation
bath and the surface tension of polymer solution. From the above analysis, it was clear
that when the DMF content added to cellulose/CNTs polymer solution and DMF/water
volume ratio of coagulation bath were appropriate, a circular membrane with uniform and
appropriate thickness would be formed. In a word, the coagulation bath with DMF/water
(volume ratio= 1/1) and the cellulose/CNTs mixed polymer solution added 6 mL DMF
were the most suitable conditions to prepare membranes by the droplet method.
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Figure 2. Digital photos of cellulose/CNTs mixed polymer solution added different DMF contents
dropped into coagulating bath with DMF/water (different volume ratio).

In the coagulation bath with DMF/water (volume ratio = 2/1), less water can be
gelatinized for cellulose/CNTs mixed polymer solution, the degree of gelation was lower,
while more polymer solution appeared as liquid state compared to others at the same
time. When the membrane area reached its maximum, non-gelatinization polymer solution
returned to the droplet shape by its own surface tension, resulting in the contraction of
membrane as shown in Figure 2.

In Figure 3, the digital photographs taken by the high-speed camera showed that the
entire process from droplet to the CCM took 4 ms. In this process, the cellulose/CNTs
mixed polymer solution was diffused and formed a complete circular membrane under
the interaction of droplet surface tension and coagulation bath surface tension. At 20 ms,
a cavity could be seen forming after the droplets had been dropped into the coagulation
bath. Then a circular membrane was formed under the interaction of the surface tensions.
In less than 0.04 s, CCM could be formed. When a complete circular film was formed, the
membrane floated on the coagulation bath under the action of surface tensions. When a
complete circular membrane was formed, the membrane floated on the coagulation bath
by the action of surface tensions.

A mathematical model was established for analyzing membrane formation through
modified droplet method. The A is the spreading coefficient of polymer solution, which is
the ratio of spreading ability (δspread) to anti-spreading ability (δanti-spread). The spreading
ability of the polymer solution is derived from the surface tension of the coagulation
bath. The spreading resistance (Bgel) is the tensile resistance of the instantaneous gelation
product of polymer solution, which is related to the concentration of polymer solution.
Meanwhile, gelation is accomplished by non-solvent in the coagulation bath. The ratio of
water in the coagulation bath affects the thickness and strength of the gel layer, so k water
is induced. The value of A can be used to determine whether the gel can be formed and the
state of the membrane.

A =
δspread

δanti-spread
=

σcb
k × Bgel
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Figure 3. Digital photos of cellulose/CNTs mixed polymer solution added 6 mL DMF dropped into
coagulating bath with DMF/water (volume ratio = 1/1) taken by high-speed camera.

By the measurement of the gel membrane size, the formula is obtained by fitting.
Different requirements of the gel membrane can be prepared by changing the parameters.

rmembrane = A × a
σpolymer solution

+ b

hmembrane =
V
A

=
V

πr2
membrane

We can see from the above research, the best CCM was prepared from cellulose/CNTs
mixed polymer solution added 6 mL DMF and coagulation bath with DMF/water (volume
ratio = 1/1). Therefore, we chose this membrane for further tests.

SEM images in Figure 4 showed the surfaces and internal morphology of the CCM
with a thickness of 400 ± 25 μm. The characteristic of asymmetric membrane can be clearly
seen by Figure 4. The dense skin layer which located at liquid–liquid surface was 1~3 μm
(Figure 4c). At the gas–liquid interface, pore diameters could up to 22 μm (Figure 4b).
After the sufficient solvent diffusion, the interior of the CCM exhibited an obvious 3D
interconnected pores structure (Figure 4c,d).

The FTIR spectra shown in Figure 5a demonstrated that the CCM exhibited character-
istic peaks at 1708 cm−1 and 1053 cm−1, which were attributed to the vibration of C=O and
C-O-C pyranoid ring of PMAA and cellulose, respectively. Comparing with the cellulose
and PMAA samples, a new characteristic peak appeared at 1562 cm−1 corresponding to
the stretching vibration of COO−. Besides, the carboxyl group in PMAA could generate
electrostatic attraction with the hydroxyl group in cellulose to form a cross-linked network,
which destroyed the intermolecular hydrogen bond of cellulose, with the characteristic
peak at 3600–3000cm −1 strength decreased. Comparing with the CM, the CCM exhibited
small optical reflectance (≈4–6%) in the 250–2500 nm wavelength range, indicating the
large optical absorption of the CCM (Figure 5b).
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Figure 4. SEM images of (a) liquid–liquid interface; (b) gas–liquid interface; (c) cross section; (d) mag-
nified cross section of the CCM.

Figure 5. (a) FTIR spectra of the cellulose, PMAA and CCM; (b) UV-vis-NIR spectra of CM and CCM.

It was shown in Figure 6 that the transporter-assisted interfacial evaporation system,
where the CCM was used as the photothermal membrane to absorb light heat water and
generate vapor. As a result, compared with the bulk water and cellulose membrane, the
surface temperature of the CCM can quickly rise to 44.4 ◦C within 600 s under 1 sun
irradiation (Figure 7a). Additionally, excellent light absorption and heat localization of
the CCM enabled the evaporation system to present higher water evaporation rates under
dark and light conditions. As shown in Figure 7b, the membrane with CNTs exhibited an
excellent evaporation rate of roughly 1.6 kg m−2 h−1, and the corresponding light-to-heat
energy conversion efficiency of the transporter-assisted evaporation system was calculated
to be 89%, which was higher than that of reported photothermal membranes. In contrast,
the evaporation rate of the evaporation system using the CM was less than 0.9 kg m−2 h−1

due to the absence of light absorber and lower surface temperature, and the evaporation
rate of the evaporation system using the CMM-N was less than 1.3 kg m−2 h−1 due to the
absence of 3D interconnected pore structure. The results indicated that the addition of
CNTs and optimal porous structure can significantly enhance the solar-driven interfacial
evaporation performance and maximize the energy conversion efficiency.
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Figure 6. Schematic diagram of the transporter-assisted evaporation system.

Figure 7. (a) Temperature changes of the water surface and membrane surface using CCM and CM
under light and dark conditions; (b) weight loss of water using CCM and CM during the interfacial
evaporation process under light and dark conditions.

We also evaluated the desalination performance of the transporter-assisted evapora-
tion system. Figure 8a showed that evaporation rate of seawater was slightly lower than
that of pure water, which was caused by more complex components such as salt ions,
natural organic matters and bacteria [51]. For NaCl solutions with different salinities, the
evaporation rate of 20 wt% NaCl solution can still reach about 1.4 kg m−2 h−1 after one-hour
evaporation test, although the lower partial vapor pressure resulted in a slower evaporation
rate as the concentration increased from 1.4 wt% to 20 wt% (Figure 8a,b). In the 10-cycle test,
the evaporator can maintain a stable evaporation rate of about 1.55 kg m−2 h−1 (Figure 8c).
More importantly, during the evaporation of seawater, the desalination efficiencies of Na+,
Mg2+, K+ and Ca2+ were 99.96%, 99.97%, 99.30% and 99.86%. Meanwhile, the concentra-
tions of Na+, Mg2+, K+ and Ca2+ in the condensed water were greatly reduced, which were
lower than the salinity levels defined by World Health Organization (WHO) (Figure 8d).
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Figure 8. (a) Weight loss of water using the CCM when processing NaCl solutions with different
salinities; (b) the corresponding evaporation rate of the CCM when processing NaCl solutions with
different salinities; (c) stability test of the evaporation system using the CCM in 3.5 wt% NaCl solution;
(d) ion concentrations using CCM before and after the solar-driven interfacial desalination.

4. Conclusions

The asymmetric CCM was fabricated by droplet method with 3D interconnected pores
structure and good light absorption ability, which resulted in high evaporation rate and
energy conversion efficiency when processing pure water, salt water and fresh seawater
under one sun irradiation. The stable reusability and high-quality condensed water made
the transporter-assisted evaporation system a potential candidate for solar-driven water
purification and desalination.
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Abstract: Metal-phenol coordination is a widely used method to prepare nanofiltration membrane.
However, the facile, controllable and scaled fabrication remains a great challenge. Herein, a novel
strategy was developed to fabricate a loose nanofiltration membrane via integrating blending and
interfacial coordination strategy. Specifically, iron acetylacetonate was firstly blended in Polyether
sulfone (PES) substrate via non-solvent induced phase separation (NIPS), and then the loose selective
layer was formed on the membrane surface with tannic acid (TA) crosslinking reaction with Fe3+.
The surface properties, morphologies, permeability and selectivity of the membranes were carefully
investigated. The introduction of TA improved the surface hydrophilicity and negative charge.
Moreover, the thickness of top layer increased about from ~30 nm to 119 nm with the increase of
TA assembly time. Under the optimum preparation condition, the membrane with assembly 3 h
(PES/Fe-TA3h) showed pure water flux of 175.8 L·m−2·h−1, dye rejections of 97.7%, 97.1% and 95.0%
for Congo red (CR), Methyl blue (MB) and Eriochrome Black T (EBT), along with a salt penetration
rate of 93.8%, 95.1%, 97.4% and 98.1% for Na2SO4, MgSO4, NaCl and MgCl2 at 0.2 MPa, respectively.
Both static adhesion tests and dynamic fouling experiments implied that the TA modified membranes
showed significantly reduced adsorption and high FRR for the dye solutions separation. The PES/Fe-
TA3h membrane exhibited high FRR of 90.3%, 87.5% and 81.6% for CR, EBT and MB in the fouling
test, stable CR rejection (>97.2%) and NaCl permeation (>94.6%) in 24 h continuous filtration test.
The combination of blending and interfacial coordination assembly method could be expected to be a
universal way to fabricate the loose nanofiltration membrane for effective fractionation of dyes and
salts in the saline textile wastewater.

Keywords: nanofiltration; metal-coordination; polyphenol; dye/salt separation; antifouling

1. Introduction

Due to the rapid development of the textile industry, a large amount of wastewater is
produced and discharged [1,2]. The textile wastewater generally consists of dyes, inorganic
salts and other chemicals [3]. The discharge of such textile wastewater has negative
effects on aquatic ecosystems and public health due to the features of highly toxic and
bio-accumulation of dyes [4,5]. It is noteworthy that the existence of salt impedes textile
wastewater from biodegrading. In addition, these inorganic salts are also a recyclable
resource in textile wastewater [6]. Therefore, separating salt/dye mixture is a critical step
to reuse the inorganic salts and polluted textile wastewater [7].
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Membrane separation technology is deemed to be an effective way for treating textile
wastewater, owing to its small footprint, low energy consumption and high selectivity [8–13].
Typically, nanofiltration (NF) has become one optimal choice for removing organic matters
with a molecular weight of 200–1000 Da. However, most commercial NF membranes with
a dense separation layer exhibit high salts rejection and low permeability [14,15]. Thus,
it is unsatisfactory for separating dye/salt in textile wastewater to recycle the resources.
To overcome this problem, the loose nanofiltration membrane (LNM) has recently drawn
intense attention to achieve the effective fractionation of dye and salt [16–19]. Compared
with traditional NF membranes, LNMs possess a relatively looser structure and larger
pore size, which promote water and salt permeation. The organic dyes are rejected by the
combination of size exclusion and electrostatic repulsion [20,21]. For the dyeing wastewater
treatment, LNMs have high efficiency and economic value for separating organic pollutants
from inorganic salts [3,22,23]. During the past few years, various LNMs and their separation
mechanisms have been reported [24–26]. The pore size distribution and surface properties
of the separation layer are pivotal factors to enhance the separation efficiency for the
dye/salt mixture. In view of the academic and practical development of LNMs, the rational
design and precise manipulation of the separation layer is quite challenging.

Polyphenol chemistry, including metal-phenol coordination and amine-phenol de-
position, has received significant attention as effective tools for the preparation of the
separation membrane [27–29]. Tannic acid (TA), a natural plant polyphenol with abundant
catechol and pyrogallol groups, has been widely used in the preparation and modification
of membranes, because of the presence of abundant active groups and low-cost proper-
ties [30]. The catechol and pyrogallol groups can crosslink with metal ions and organic
molecules to form the complex. The application of a TA-based complex for membrane
separation has been investigated in some meaningful research works [31,32]. For instance,
Li et al. [33] have demonstrated the co-deposition of TA and PEI to prepare LNF membrane-
selective layers. Shao et al. [34] developed the novel metal-TA network to prepare high-flux
nanofiltration membranes. Wu et al. [35] have fabricated a low-pressure nanofiltration
membrane via a bio-inspired one-pot assembly on the polysulfone (PSf) substrate with
a tannic acid-titanium (TA-Ti) network coating as the selective layer. Fan et al. [36] have
reported the preparation of an LNF membrane via coordination complexes of TA and iron
(III) ions. Peinemann et al. [37] reported a facile and cost-effective co-deposition method to
prepare NF membranes via the complexation of TA and copper. Shen et al. [38] used the
TA and Fe as the two-phase monomers to fabricate metal-organic composite membrane via
the interfacial coordination method. The obtained LNMs in the above-mentioned works
exhibited both high dye rejection and salt permeation. However, these preparation meth-
ods, such as co-deposition process and biphasic interfacial coordination, are uncontrollable
due to the rapid reactions in the mixed system and the aggregated particles are easy to
form on the substrate surface. In addition, the stability of the separation layer should be
considered, since that there is no direct chemical bonding between the TA layer and the
substrate in most systems. Additionally, while most of these studies were performed at the
laboratory scale, the scale-up production of NF membranes with polyphenol chemistry is
still difficult. Therefore, a facile, precision controllable and widely applicable strategy for
the LNM construction with precise dye/salt separation is still needed.

In this work, a novel strategy was developed to fabricate a loose separation layer
via integrating blending and interfacial coordination. For the metal-phenol coordination
coating, the metal ion source is a critical point. Introduction of the metal ions into the
membrane substrate, as the active sites for coordinative reaction, is supposed to be a
simple and efficient method. Specifically, the membrane substrate was firstly prepared by
blending PES with iron acetylacetonate (Fe(acac)3), as the Fe (III) source, via non-solvent
induced phase separation (NIPS). The hydrophobic chain of acetylacetonate can intertwist
with the PES molecular chain, which increase the stability of Fe(acac)3 in the membrane
matrix. Subsequently, TA was introduced on the surface and interface of PES/Fe substrate
by crosslinking reaction with Fe3+, forming the loose selective layer. The thickness of
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the selective layer was varied with the assembly time. The surface chemical properties,
membrane structures and separation performance were evaluated in detail. The optimized
PES/Fe-TA membrane displayed satisfactory water permeance, high dye/salt fractionation
efficiency and excellent antifouling properties towards dye/salts mixtures. This work
provides a facile and scalable production strategy to construct the loose NF membrane,
which has great potential for industrial application.

2. Materials and Methods

2.1. Chemicals and Materials

Polyethersulfone (PES, Ultrason E6020P with Mw = 58 kDa) was bought from BASF
Co., Ltd. (Shanghai, China).and dried at 110 ◦C for 12 h before use. Tannic acid (TA, 99%)
and iron (III) acetylacetonate (Fe(acac)3) were purchased from Aladdin Reagent Co. Ltd.
(Shanghai, China). Polyvinylpyrrolidone (PVP, 99%) and N, N-dimethyl formamide (DMF,
99%), Congo Red (CR, 99%), Methyl blue (MB, 99%), Eriochrome Black T (EBT, 99%), Acid
Orange74 (AO74, 99%), magnesium chloride (MgCl2), magnesium sulfate (MgSO4), sodium
sulfate (Na2SO4) and sodium chloride (NaCl) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

2.2. Membrane Fabrication

The PES/Fe membranes were prepared via non-solvent induced phase separation
(NIPS). In detail, PES, PVP and a certain weight of iron acetylacetone (0%, 0.5%, 1.0%,
1.5% and 2.0 wt%) were dispersed in DMF solution and stirred at 60 ◦C for 6 h to obtain a
uniform casting solution. The casting solutions were stored at room temperature for 12 h to
ensure a complete release of bubbles and then cast on non-woven fabric using an automated
film applicator with a gap of 320 μm. Subsequently, the cast films were immersed into a
coagulation bath at room temperature after being exposed to the atmosphere for 20 s. Then,
the prepared membranes were immersed in pure water for at least 24 h to leach out the
residual solvent before using.

The PES/Fe-TA nanofiltration membranes were prepared via the coordination reaction
between TA and Fe. Firstly, the cleaned PES/Fe membranes were immersed in a TA solution
(10.0 g/L) and oscillated at different times (0, 1, 2, 3 and 4 h) with a shaker. The PES/Fe-TA
nanofiltration membranes were then thoroughly washed with deionized water to remove
the unreacted TA. Before testing, the PES/Fe-TA nanofiltration membranes were stored in
deionized water.

2.3. Membrane Characterization

The chemical structures and elemental compositions of these NF membranes were ana-
lyzed by Fourier transform infrared spectroscopy (ATR-FTIR, Nicolet 6700, TMO, Waltham,
MA, USA) and X-ray photoelectron spectroscopy (XPS), respectively. The field emission
scanning electron microscopy (FESEM, Hitachi S4800, Tokyo, Japan) was operated to char-
acterize the morphology of the NF membranes. The hydrophilicity of these membranes
was characterized by a contact angle goniometer (SL-200C, KINO, Boston, MA, USA). The
surface zeta potential of membrane was measured by a Sur-PASS electrokinetic analyzer
(SurPASS, Anton Paar GmbH, Graz, Austria). Thermogravimetric analysis (TGA, MET-
TLER TGA SF, Mettler Toled, Switzerland) was conducted with a heating rate of 10 ◦C/min
from room temperature to 700 ◦C under 100 mL/min in air atmosphere.

2.4. Filtration Performance

The NF performance of these membranes was tested by a commercial laboratory scale
cross-flow flat membrane module with an effective area of 7.065 cm2 at room temperature.
A schematic diagram of the experimental set up is shown in Figure 1. The membranes
were initially compacted for 20 min under 0.3 MPa to obtain a steady permeation and then
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the pressure was lowered to 0.2 MPa. The water flux (J, L·m−2·h−1) was measured and
calculated by the following equation:

J =
V

A × Δt
(1)

where V (L) is the volume of permeated water, A (m2) is the effective membrane area and
Δt (h) is the permeation time.

Figure 1. Schematic diagram of cross-flow experimental device: 1. Feed liquid; 2. Peristaltic pump;
3. Pressure gauge; 4. Membrane assembly; 5. Measured film; 6. Penetrating fluid.

The separation performance of these NF membranes was conducted by using 1 g/L
salt solution (Na2SO4, MgSO4, MgCl2 and NaCl) and 0.1 g/L dye solution (CR, MB, EBT
and AO74) as feed solution, respectively. Furthermore, the CR solution (0.1 g/L) mixed
with different concentration (2, 4, 6, 8 and 10 g/L) of NaCl solution were also used as feed
solution to judge the dye/salt mixture fraction ability. The rejection ratio (R) was defined
by the following equation:

R = 1 − Cp

Cf
(2)

where Cp and Cf is the concentration of permeate and feed solution, respectively. Herein,
the salt concentration was measured by an electrical conductivity. The dye concentration
was measured by a UV-vis spectrophotometer. The maximum absorption wavelength of
CR, MB, EBT and AO74 are 488 nm, 664 nm, 410 nm and 484 nm, respectively. All flux and
rejection measurements were conducted using three membrane samples.

2.5. Antifouling Performance
2.5.1. Static Adsorption Tests

The antifouling measurements of the NF membrane were conducted using CR, MB
and EBT as representative pollutants. For the static adsorption tests, the membrane samples
(7.56 cm2) were immersed in dye solutions (0.1 g/L, Ci) for 2 h. Equilibrium concentrations
of dye (Ce) were measured by UV-vis spectrophotometry. The adsorbed mass of dye per
unit area of membrane (Q, μgcm−2) was calculated using Equation (3):

Q =
(Ci − Ce)V

A
(3)

where A is the effective membrane area (cm2), V is the volume of dye solution (mL) and Ci
and Ce are the initial and equilibrium dye concentrations (g/L), respectively.
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2.5.2. Dynamic Fouling Experiments

In the dynamic antifouling test, 0.1 g/L CR, EBT and MB solutions were used as repre-
sentative pollutants, respectively. The antifouling filtration experiments were conducted
at 0.2 MPa and room temperature. The antifouling test process is as follows: Firstly, the
membrane sample was pressurized to reach a stable water flux before the measurement.
Then, the pure water flux (Jw1) was continuously measured for 60 min and recorded every
10 min. Afterwards, the membrane filtration was conducted using dye solution as feed
solution for another 60 min. The permeate flux of CR, EBT or MB solution (Jp) was also
recorded every 10 min. Subsequently, the membrane was cleaned with distilled water for
30 min. Finally, the pure water flux (Jw2) was measured again for 60 min. The water fluxes
were calculated by Equation (1).

The antifouling properties was further evaluated by flux recovery ratio (FRR), total
fouling ratio (Rt), reversible fouling ratio (Rr) and irreversible fouling ratio (Rir). Those
parameters were defined and calculated as follows:

FRR =
Jw2

Jw1
× 100% (4)

Rt =
(

1 − Jp

Jw1

)
× 100% (5)

Rr =
Jw2 − Jp

Jw1
× 100% (6)

Rir =
(

1 − Jw2

Jw1

)
× 100% (7)

2.6. Long-Term Stability of the Membrane

To evaluate the long-term stability of optimized NF membranes, the CR (0.1 g/L)
solutions mixed with NaCl (2 g/L) were used as feed solution to filtrated for 24 h. The
permeate flux and rejections for CR and NaCl were monitored by the aforementioned
methods.

3. Results and Discussion

3.1. Chemical Structure and Properties of Membranes

The fabrication process of LNM combined blending and interfacial coordination
strategy was depicted in Figure 2. For the control, the pristine PES membrane was also
fabricated using the NIPS technique. The photographs of the PES, PES/Fe and PES/Fe-TA
membrane are shown in Figure 3a. It can be observed that the pristine PES membrane
shows a white color and the PES/Fe membrane exhibits an orange color. The color change is
ascribed to the color of iron acetylacetonate, suggesting the successful incorporation of Fe3+

on the membrane matrix. After the immersion of TA solution, the PES/Fe-TA membrane
displays dark grey, demonstrating the TA coating is assembled on the membrane surface.
In order to further confirm the existence of Fe and TA on PES membrane, the TGA and FTIR
analysis were studied. Figure 3b exhibits the results of TGA analysis for the PES, PES/Fe
and PES/Fe-TA membrane. The residual weights of PES/Fe and PES/Fe-TA membrane
were 9.8% and 10.2%, while the pristine PES membrane was completely burned out in
the air atmosphere. The increase of residual mass should correspond to the iron base
compound in the PES/Fe and PES/Fe-TA membranes, providing further evidence of the
iron complex loading. FT-IR was employed to analyze the surface chemical structure of
PES, PES/Fe and PES/Fe-TA membranes, as shown in Figure 3c. The absorption peaks at
1150 cm−1 and 1296 cm−1 are the symmetric and asymmetric stretching vibrational peaks
of the S=O functional group in PES. The stretching vibration peak between benzene ring
and S in PES is located at 1100 cm−1. Compared with the PES and PES/Fe membrane, an
additional adsorption band at 1720 cm−1 can be observed in the spectrum of the PES/Fe-
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TA membrane. This can be ascribed to the C=O stretching vibrations of the of TA [39],
suggesting that the TA were successfully incorporated on PES/Fe membrane surface.

Figure 2. Schematic representation of the fabrication process of loss nanofiltration membrane and
selective separation of dye and salt.

Figure 3. (a) Digital photographs of membrane surface, (b) TGA curves and (c) ATR-FTIR spectra of
the PES, PES/Fe and PES/Fe-TA membrane.

Hydrophilicity of membrane is a vital parameter affecting membrane permeability
and antifouling performance during filtration applications [40]. The surface hydrophilic-
ity of the pristine PES, PES/Fe and PES/Fe-TA membranes was evaluated by dynamic
water contact angle (WCA) measurements, and the results are shown in Figure 4a. The
pristine PES membrane exhibited high hydrophobicity with the initial WCA of 75◦, and
almost remained unchanged within 60 s. For the PES/Fe membrane, the WCA is slightly
higher than that of the PES membrane, which is ascribed to the low surface energy of
Fe(acac)3. However, the initial WCA of PEA/Fe-TA membrane decreased to around 49.8◦
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and dramatically declined to 27.5◦ in 60 s, indicating the improved hydrophilicity after
TA assembly. This can be attributed to the hydrophilic phenolic hydroxyl groups formed
on the surface of the PES/Fe-TA membrane. Moreover, the surface charge also plays a
significant role in the separation properties of membranes. The surface charge of PES,
PES/Fe and PES/Fe-TA membrane are studied by the surface zeta potential (Figure 4b).
It can be seen that PES/Fe-TA membrane displays enhanced negative charge compared
with PES and PES/Fe membranes. That is because TA had many phenolic hydroxyl groups
which could release hydrogen ions to endow membrane surfaces with negative charge.
As the pH increases, more phenolic hydroxyl groups deprotonate, resulting in a stronger
negative charge.

Figure 4. (a) The water contact angle and (b) zeta potentials of the PES, PES/Fe and PES/Fe-TA
membranes.

3.2. Effects of TA Assembly Time on the Membrane Structure and Performance

The reaction time is an important factor for TA deposition on the PES/Fe substrate.
To regulate the TA layer in a controllable thickness, the effects of assembly time on the
membrane structure and performance were studied. Due to the instability of Fe(acac)3 in
ethanol, the PES/Fe sample has not been dried by supercritical drying apparatus, which
means that its morphologies cannot be shown for control. The morphologies of PES/Fe-TA
membranes treated at different TA assembly times were inspected by SEM, as shown in
Figure 5. The membranes with TA coordination assembly have a flat and smooth surface.
Since the interaction between Fe3+ in membrane matrix and TA can effectively suppress
the TA-Fe complex particles on the membrane surface, a relatively smooth surface was
observed on the PES/Fe-TA membranes. In addition, many pores (pore size of 10–50 nm)
were observed on the surface of PES/Fe-TA1h membrane and these pores became lesser
and smaller with the increase of TA assembly time (Figure 5a–d). This result was attributed
to the assembly of TA on the PES/Fe substrate, forming a uniform Fe-TA complex layer on
the membrane surface and reducing the pore sizes.

The cross-section images in Figure 5e–h show that a top layer formed on the PES/Fe
support after TA assembly. Moreover, the thickness of the top layer increased from ~30 nm
to 119 nm with the increase of the TA assembly time. The Fe3+ migrated to the membrane
surface and coordinated with TA to form the thicker separation layer with the increase of
the TA assembly time. Therefore, the interfacial coordination of polyphenolic layer can
form a smooth surface and controllable thickness of separation layer by varying the TA
assembly time, which might decide the separation performance of the membrane.
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Figure 5. The surface (a–d) and cross section morphology (e–h) of PES/Fe-TA membranes with
different TA assembly times.

The pure water flux and CR rejection of PES/Fe-TA membranes with different TA
assembly times is shown in Figure 6. It can be seen that the pure water permeance of
the PES/Fe-TA membrane gradually decreased, while the rejections of CR increased with
the increase of assembly time. The water permeance decreased from 305.2 L·m−2·h−1 to
133.6 L·m−2·h−1, and the CR rejection increased from 89.7% to 98.1%. These results could be
attributed to the fact that a thicker separation layer was formed on the membrane surface
with the increase of TA assembly time, leading to the smaller pore size and increased
permeation resistance, as shown in Figure 5. Comprehensively considering the water flux
and rejection, the assembly time was fixed to 3 h for the following tests. For the PES/Fe-
TA3h membrane, the water permeance reached 175.8 L·m−2·h−1 and the rejection rate of
CR was 97.7% at 0.2 MPa.

Figure 6. The pure water flux and CR rejection of PES/Fe-TA membrane at different TA assembly
times.

3.3. Nanofiltration Performance

The nanofiltration properties of PES/Fe-TA3h membrane were measured by using four
dyes (CR, MB, EBT and AO74) and four inorganic salts (Na2SO4, MgSO4, MgCl2 and NaCl).
The flux and rejections of the PES/Fe-TA3h membrane for different dyes and inorganic salts
were measured in a cross-flow filtration apparatus under 0.2 MPa. Figure 7a,b presented the
results of nanofiltration performance for a single component of dye (0.1 g/L) or salt (2 g/L).
The rejections to CR, MB, EBT and AO 74 was 97.7%, 97.1%, 95.0% and 58.6%, while the
fluxes were 80.1, 70.0, 93.5 and 133.5 L·m−2·h−1, respectively. The difference of rejections
for the dyes may be ascribed to the molecular size. The relative molecular weight of AO
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74 was 417.35 g/mol, which is lower than 696.66, 799.80 and 461.38 g/mol for CR, MB
and EBT; thus, they can more easily pass through the membrane pores when permeating
the membrane. The retentions of Na2SO4, MgSO4, NaCl and MgCl2 was 6.2%, 4.9%, 2.6%
and 1.9% respectively, which conforms to the typical negatively charged NF membranes
(Figure 7b). The rejections of dyes and inorganic salts are decided with the coaction of
steric and Donnan effects [41,42]. For this result, the PES/Fe-TA membrane is only used
for dyes with a molecular weight of a least 700 Da. The SO4

2− has stronger repulsive
interaction with membrane surface than that with Cl−, resulting in higher rejections for
Na2SO4 and MgSO4. The high rejections of dyes may be ascribed to the presence of a
hydration shell of charged dye molecules and/or aggregates of dye molecules with a size
of tens of nanometers. However, the hydrate radius (<0.5 nm) of salts is much smaller than
the membrane pore size, due to the dominant role of sieve principle, and the rejection of
salts was low. High dye rejection ability and weak salt rejection ability proved that the
prepared PES/Fe-TA membrane can be applied to dye desalination.

Figure 7. (a) Filtration performance of single dye solution, (b) rejections of salts, (c) filtration perfor-
mance for the dye/salt mixture solution for the PES/Fe-TA3h membrane and (d) photographs of
feed and penetration solutions.

It is believed that the presence of salt in the dye solution has some effects on the
membrane separation performance; therefore, the separation properties of dye and salt
mixture was investigated. The 0.1 g/L CR with different NaCl content were used to
form different salinity feed solution. The results of permeate flux and solute rejections
for the CR/NaCl mixture are shown in Figure 7c. It can be seen that the permeability of
CR/NaCl mixture solution decreased from 79.6 L·m−2·h−1 to 64.8 L·m−2·h−1. Moreover,
the rejections of CR and NaCl also decreased, from 97.6% to 96.0% and from 2.5% to 1.45%
respectively, with the increase of NaCl concentration (from 2 g/L to 10 g/L). This was
because salt tends to disperse dye molecules uniformly in the mixed solution and avoid
the aggregation of dye molecules, resulting in smaller dye particles to permeate through
the membrane pores. Meanwhile, the dye adsorbed on the membrane pores and the
concentration polarization occurred on the membrane surface, which resulted in decreased
permeability and dye rejection.
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In order to highlight the prominent properties of the membranes prepared in this
work, we compared the water flux, dye and salt rejections of PES/Fe-TA3h membrane with
those reported in other research (Table 1). It can be seen that the LNM prepared in this
study showed good dye/salt separation capability compared to the results reported in the
selected literature.

Table 1. Comparison of the performance of the NF membranes in the literature.

Membranes
Permeate Flux

(L m−2 h−1)

Congo Red NaCl Pressure
(MPa) Ref.

C(g/L) R(%) C(g/L) R(%)

TA/GOQDs-1 23.3 0.1 99.8 1 17.2 0.2 [43]
TiO2-HMDI 30.5 0.035 97.4 1 2.7 0.2 [44]

PSF/GO 73.7–95.4 0.1 99.9 1 <5 0.2 [45]
PAN-PEI-GA 51.0 0.1 97.1 1 5 0.2 [46]
PAN-DR80 113.6 0.1 99.8 1 12.4 0.4 [47]

Fe(III)-phos-(PEI)/HPAN 12.1 0.1 99.5 1 7.5 0.2 [48]
CaCO3/PEI-GA 141 0.1 99.6 1 6.9 0.3 [49]

PST-1 52.3 0.1 99.0 1 <7 0.6 [50]
TAIP M4 31.5 0.2 99.4 2 5.4 0.1 [51]

PDA/SBMA/HPAN 68.8 0.5 98.2 1 5.0 0.4 [52]
LNFM-2 212.9 0.2 99.6 1 5.6 0.4 [25]

PES/Fe-TA3h 77.0 0.1 97.7 2 2.6 0.2 This work

3.4. Antifouling Properties

Membrane fouling is one of trickiest problems in membrane processes and it results in
many drawbacks, such as permeance decline, increase in operational costs and membrane
degeneration. The TA-Fe complex was super-hydrophilicity and expected to overcome
the fouling problem of nanofiltration membrane for the separation dye solution. The
antifouling property of the PES/Fe-TA membrane was evaluated with static adsorption
and dynamic filtration experiments using CR, EBT and MB as the model dye pollutants.
The results of static adsorption experiments for three dyes on PES, PES/Fe and PES/Fe-
TA membranes are shown in Figure 8. It can be seen that the PES/Fe-TA membrane
has the smallest adsorption capacity for the three dyes, compared with PES and PES/Fe
membranes. The adsorption amounts of CR, EBT and MB are, respectively, 0.018, 0.026
and 0.043 mg/cm2 for the PES/Fe-TA membrane compared to 0.25, 0.22 and 0.33 mg/cm2

for the pristine PES membrane. Figure 8b shows the surface colors of PES, PES/Fe and
PES/Fe-TA3h membrane with static adsorption of the three dyes. We can clearly see that the
membrane colors have changed to the dye color after adsorption. Moreover, the adsorption
behavior for the PES and PES/Fe membrane are more serious than for the PES/Fe-TA
membrane. This phenomenon was attributed to the corporation of the hydrophilicity
and the charge repulsion to negative dyes. The TA on the PES/Fe-TA membrane make it
more difficult for the dyes to adhere to the membrane surface, which can enhance the dye
pollution resistance in the filtration dye solution.

In order to further evaluate the antifouling property of PES/Fe-TA membrane, the
dynamic cyclic filtration experiment with different dye solutions was conducted and the
results are revealed in Figure 9a. It can be seen that the permeate flux of the dye solution are
lower than the pure water. This is probably caused by the dye fouling and concentration
polarization. Moreover, the water flux recovers by the water/ethanol dilute solution
cleaning treatment after each cycle of dye filtration test. In addition, the values of Jw1, Jp
and Jw2 measured in the two cycles were used to calculate FRR, Rt, Rr and Rir to evaluate
the anti-fouling properties of the PES/Fe-TA membrane, as shown in Figure 9b. After two
cycles, the FRR values of CR, EBT and MB were 90.3%, 87.5% and 81.6%, respectively, and
the corresponding Rt values were 62.6%, 57.3% and 65.7%, respectively. It shows that the
PES/Fe-TA3h membrane has excellent antifouling property on CR, EBT and MB. Based on
the above results, the excellent antifouling ability of PES/Fe-TA3h membrane promotes its
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further application in dye desalination and dye wastewater treatment. These results clearly
indicated that TA, indeed, acted as a strong dye adsorption resistance.

Figure 8. The dye adsorption content (a) and digital photos of surface color (b) on PES, PES/Fe and
PES/Fe-TA3h membranes with static adsorption for different dyes.

Figure 9. (a) The time-dependent normalized flux during the filtration of CR, EBT and MB solution
and (b) antifouling indexes for the PES/Fe-TA3h membrane.

3.5. Long-Term Stability of the PES/Fe-TA Membrane

In order to explore the long-term stability of the membrane, the dye/salt fractiona-
tion performance of the PES/TA-Fe3h membrane was investigated with 24 h continuous
filtration of the mixed solution (0.1 g/L CR and 2 g/L NaCl). As shown in Figure 10, the
permeate flux slightly declined from 77.0 to 57.0 L·m−2·h−1 in the first few hours, which
could be ascribed to the adsorption of CR and evolution of a dye cake layer on the mem-
brane surface during the filtration. Moreover, the permeate flux stabilizes at 49.0 L·m−2·h−1

when the adsorption reaches dynamic equilibrium. Meanwhile, the rejections of CR and
NaCl were increased slightly at the beginning, and then reached stability (>97.2% to CR and
<5.4% to NaCl). The results confirmed that PES/Fe-TA3h membrane exhibited a long-term
stability, which has great potential to be used in dye desalination and dye wastewater
treatment.
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Figure 10. The long-term operation stability of the PES/Fe-TA3h membrane for the CR/NaCl mixture
solution (feed: 0.1 g/L CR and 2 g/L NaCl).

4. Conclusions

In this study, a polyphenol-based loose nanofiltration membrane was successfully
developed by integrating blending and interfacial coordination strategy. The iron ion
complex was introduced in PES membrane via NIPS method and TA coordinated with Fe3+

forming the loose separation layer. The thickness of TA layer was controlled by altering
the TA assembly time. The introduction of TA improved the surface hydrophilicity and
negative charge. The optimized membrane with assembly 3 h (PES/Fe-TA3h) showed a
pure water flux of 175.8 L·m−2·h−1, dye rejections of 97.7%, 97.1% and 95.0% for CR, MB
and EBT, respectively, along with salt penetration rates of 93.8%, 95.1%, 97.4% and 98.1% for
Na2SO4, MgSO4, NaCl and MgCl2, respectively, at 0.2 MPa. Moreover, the PES/Fe-TA3h
membrane exhibited a stable dye rejection and salt permeation in the 24 h continuous
test and high FRR of 90.3%, 87.5% and 81.6% for CR, EBT and MB, respectively. This
study provides a new way to fabricate the loose nanofiltration membrane for effective
fractionation of dyes and salts in the saline textile wastewater.

Author Contributions: X.F.: Conceptualization, Writing, Review, Investigation, Methodology, Vi-
sualization. S.W.: Methodology, Writing—original draft. S.L.: Investigation, Methodology, Data
curation, Writing—original draft. M.L.: Methodology, Validation. R.L.: Writing—original draft. Z.Z.:
Data curation. X.Z.: Visualization. G.C.: Formal analysis. Y.L.: Formal analysis. F.L.: Visualization,
Validation. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Shanghai Sailing Program (20YF1400100) and Fundamen-
tal Research Funds for the Central Universities (No. 2232020D-54).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Grant, S.B.; Saphores, J.D.; Feldman, D.L.; Hamilton, A.J.; Fletcher, T.D.; Cook, P.L.M.; Stewardson, M.; Sanders, B.F.; Levin, L.A.;
Ambrose, R.F.; et al. Taking the “Waste” out of “Wastewater” for human water security and ecosystem sustainability. Science 2012,
337, 681–686. [CrossRef] [PubMed]

2. Guo, D.; You, S.; Li, F.; Liu, Y. Engineering carbon nanocatalysts towards efficient degradation of emerging organic contaminants
via persulfate activation: A review. Chin. Chem. Lett. 2022, 33, 1–10. [CrossRef]

3. Lin, J.; Ye, W.; Zeng, H.; Yang, H.; Shen, J.; Darvishmanesh, S.; Luis, P.; Sotto, A.; Van der Bruggen, B. Fractionation of direct dyes
and salts in aqueous solution using loose nanofiltration membranes. J. Membr. Sci. 2015, 477, 183–193. [CrossRef]

266



Membranes 2022, 12, 340

4. Cui, M.H.; Sangeetha, T.; Gao, L.; Wang, A.-J. Efficient azo dye wastewater treatment in a hybrid anaerobic reactor with a built-in
integrated bioelectrochemical system and an aerobic biofilm reactor: Evaluation of the combined forms and reflux ratio. Bioresour.
Technol. 2019, 292, 122001. [CrossRef] [PubMed]

5. Ren, Y.; Liu, Y.; Liu, F.; Li, F.; Shen, C.; Wu, Z. Extremely efficient electro-Fenton-like Sb(III) detoxification using nanoscale Ti-Ce
binary oxide: An effective design to boost catalytic activity via non-radical pathway. Chin. Chem. Lett. 2021, 32, 2519–2523.
[CrossRef]

6. Ye, W.; Liu, R.; Chen, X.; Chen, Q.; Lin, J.; Lin, X.; Van der Bruggen, B.; Zhao, S. Loose nanofiltration-based electrodialysis for
highly efficient textile wastewater treatment. J. Membr. Sci. 2020, 608, 118182. [CrossRef]

7. Ji, D.; Xiao, C.; Zhao, J.; Chen, K.; Zhou, F.; Gao, Y.; Zhang, T.; Ling, H. Green preparation of polyvinylidene fluoride loose
nanofiltration hollow fiber membranes with multilayer structure for treating textile wastewater. Sci. Total Env. 2021, 754, 141848.
[CrossRef] [PubMed]

8. Gohil, J.M.; Ray, P. A review on semi-aromatic polyamide TFC membranes prepared by interfacial polymerization: Potential for
water treatment and desalination. Sep. Purif. Technol. 2017, 181, 159–182. [CrossRef]

9. Ding, J.; Wu, H.; Wu, P. Preparation of highly permeable loose nanofiltration membranes using sulfonated polyethylenimine for
effective dye/salt fractionation. Chem. Eng. J. 2020, 396. [CrossRef]

10. Zhang, X.; Ma, J.; Zheng, J.; Dai, R.; Wang, X.; Wang, Z. Recent advances in nature-inspired antifouling membranes for water
purification. Chem. Eng. J. 2022, 432, 134425. [CrossRef]

11. Peng, L.E.; Yang, Z.; Long, L.; Zhou, S.; Guo, H.; Tang, C.Y. A critical review on porous substrates of TFC polyamide membranes:
Mechanisms, membrane performances, and future perspectives. J. Membr. Sci. 2022, 641, 119871. [CrossRef]

12. Liu, Y.; Liu, F.; Ding, N.; Hu, X.; Shen, C.; Li, F.; Huang, M.; Wang, Z.; Sand, W.; Wang, C. Recent advances on electroactive
CNT-based membranes for environmental applications: The perfect match of electrochemistry and membrane separation. Chin.
Chem. Lett. 2020, 31, 2539–2548. [CrossRef]

13. Tijing, L.D.; Woo, Y.C.; Yao, M.; Ren, J. Electrospinning for Membrane Fabrication: Strategies and Applications. In Comprehensive
Membrane Science and Engineering; Elsevier: Oxford, UK, 2017; ISBN 9780124095472.

14. Mohammad, A.W.; Teow, Y.H.; Ang, W.L.; Chung, Y.T.; Oatley-Radcliffe, D.L.; Hilal, N. Nanofiltration membranes review: Recent
advances and future prospects. Desalination 2015, 356, 226–254. [CrossRef]

15. Zhang, Q.; Chen, S.; Fan, X.; Zhang, H.; Yu, H.; Quan, X. A multifunctional graphene-based nanofiltration membrane under
photo-assistance for enhanced water treatment based on layer-by-layer sieving. Appl. Catal. B Environ. 2018, 224, 204–213.
[CrossRef]

16. Van der Bruggen, B.; Curcio, E.; Drioli, E. Process intensification in the textile industry: The role of membrane technology. J.
Environ. Manag. 2004, 73, 267–274. [CrossRef]

17. Guo, S.; Wan, Y.; Chen, X.; Luo, J. Loose nanofiltration membrane custom-tailored for resource recovery. Chem. Eng. J. 2021, 409,
127376. [CrossRef]

18. Xiao, Y.; Guo, D.; Li, T.; Zhou, Q.; Shen, L.; Li, R.; Xu, Y.; Lin, H. Facile fabrication of superhydrophilic nanofiltration membranes
via tannic acid and irons layer-by-layer self-assembly for dye separation. Appl. Surf. Sci. 2020, 515, 146063. [CrossRef]

19. Guo, D.; Xiao, Y.; Li, T.; Zhou, Q.; Shen, L.; Li, R.; Xu, Y.; Lin, H. Fabrication of high-performance composite nanofiltration
membranes for dye wastewater treatment: Mussel-inspired layer-by-layer self-assembly. J. Colloid Interface Sci. 2020, 560, 273–283.
[CrossRef]

20. García Doménech, N.; Purcell-Milton, F.; Gun’ko, Y.K. Recent progress and future prospects in development of advanced materials
for nanofiltration. Mater. Today Commun. 2020, 23, 100888. [CrossRef]

21. Ernst, M.; Bismarck, A.; Springer, J.; Jekel, M. Zeta-potential and rejection rates of a polyethersulfone nanofiltration membrane in
single salt solutions. J. Membr. Sci. 2000, 165, 251–259. [CrossRef]

22. Guo, S.; Chen, X.; Wan, Y.; Feng, S.; Luo, J. Custom-tailoring loose nanofiltration membrane for precise biomolecule fractionation:
New insight into post-treatment mechanisms. Acs Appl. Mater. Interfaces 2020, 12, 13327–13337. [CrossRef] [PubMed]

23. Bian, L.; Shen, C.; Song, C.; Zhang, S.; Cui, Z.; Yan, F.; He, B.; Li, J. Compactness-tailored hollow fiber loose nanofiltration
separation layers based on “chemical crosslinking and metal ion coordination” for selective dye separation. J. Membr. Sci. 2021,
620, 118948. [CrossRef]

24. Liu, S.; Fang, X.; Lou, M.; Qi, Y.; Li, R.; Chen, G.; Li, Y.; Liu, Y.; Li, F. Construction of Loose Positively Charged NF Membrane by
Layer-by-Layer Grafting of Polyphenol and Polyethyleneimine on the PES/Fe Substrate for Dye/Salt Separation. Membranes
2021, 11, 699. [CrossRef] [PubMed]

25. Jin, P.; Zhu, J.; Yuan, S.; Zhang, G.; Volodine, A.; Tian, M.; Wang, J.; Luis, P.; Van der Bruggen, B. Erythritol-based polyester loose
nanofiltration membrane with fast water transport for efficient dye/salt separation. Chem. Eng. J. 2021, 406, 126796. [CrossRef]

26. Liu, L.; Qu, S.; Yang, Z.; Chen, Y. Fractionation of Dye/NaCl Mixtures Using Loose Nanofiltration Membranes Based on the
Incorporation of WS2 in Self-Assembled Layer-by-Layer Polymeric Electrolytes. Ind. Eng. Chem. Res. 2020, 59, 18160–18169.
[CrossRef]

27. Ye, W.; Ye, K.; Lin, F.; Liu, H.; Jiang, M.; Wang, J.; Liu, R.; Lin, J. Enhanced fractionation of dye/salt mixtures by tight ultrafiltration
membranes via fast bio-inspired co-deposition for sustainable textile wastewater management. Chem. Eng. J. 2020, 379, 122321.
[CrossRef]

267



Membranes 2022, 12, 340

28. Qiu, W.-Z.; Lv, Y.; Du, Y.; Yang, H.-C.; Xu, Z.-K. Composite nanofiltration membranes via the co-deposition and cross-linking of
catechol/polyethylenimine. RSC Adv. 2016, 6, 34096–34102. [CrossRef]

29. Wang, J.; Zhu, J.; Tsehaye, M.T.; Li, J.; Dong, G.; Yuan, S.; Li, X.; Zhang, Y.; Liu, J.; Van der Bruggen, B. High flux electroneutral
loose nanofiltration membranes based on rapid deposition of polydopamine/polyethyleneimine. J. Mater. Chem. A 2017, 5,
14847–14857. [CrossRef]

30. Rahim, M.A.; Ejima, H.; Cho, K.L.; Kempe, K.; Müllner, M.; Best, J.P.; Caruso, F. Coordination-driven multistep assembly of
metal-polyphenol films and capsules. Chem. Mater. 2014, 26, 1645–1653. [CrossRef]

31. Fang, X.; Li, J.; Li, X.; Pan, S.; Sun, X.; Shen, J.; Han, W.; Wang, L.; Van der Bruggen, B. Iron-tannin-framework complex modified
PES ultrafiltration membranes with enhanced filtration performance and fouling resistance. J. Colloid Interface Sci. 2017, 505,
642–652. [CrossRef]

32. Lou, M.; Fang, X.; Liu, Y.; Chen, G.; Zhou, J.; Ma, C.; Wang, H.; Wu, J.; Wang, Z.; Li, F. Robust dual-layer Janus membranes with
the incorporation of polyphenol/Fe3+ complex for enhanced anti-oil fouling performance in membrane distillation. Desalination
2021, 515, 115184. [CrossRef]

33. Li, Q.; Liao, Z.; Fang, X.; Wang, D.; Xie, J.; Sun, X.; Wang, L.; Li, J. Tannic acid-polyethyleneimine crosslinked loose nanofiltration
membrane for dye/salt mixture separation. J. Membr. Sci. 2019, 584, 324–332. [CrossRef]

34. Zhang, Y.; Ma, J.; Shao, L. Ultra-thin trinity coating enabled by competitive reactions for unparalleled molecular separation. J.
Mater. Chem. A 2020, 8, 5078–5085. [CrossRef]

35. Wu, H.; Xie, J.; Mao, L. One-pot assembly tannic acid-titanium dual network coating for low-pressure nanofiltration membranes.
Sep. Purif. Technol. 2020, 233, 116051. [CrossRef]

36. Fan, L.; Ma, Y.; Su, Y.; Zhang, R.; Liu, Y.; Zhang, Q.; Jiang, Z. Green coating by coordination of tannic acid and iron ions for
antioxidant nanofiltration membranes. RSC Adv. 2015, 5, 107777–107784. [CrossRef]

37. Chakrabarty, T.; Pérez-Manríquez, L.; Neelakanda, P.; Peinemann, K.V. Bioinspired tannic acid-copper complexes as selective
coating for nanofiltration membranes. Sep. Purif. Technol. 2017, 184, 188–194. [CrossRef]

38. Shen, Y.J.; Fang, L.F.; Yan, Y.; Yuan, J.J.; Gan, Z.Q.; Wei, X.-Z.; Zhu, B.-K. Metal-organic composite membrane with sub-2 nm pores
fabricated via interfacial coordination. J. Membr. Sci. 2019, 587, 117146. [CrossRef]

39. Gao, H.; Xue, Y.; Zhang, Y.; Zhang, Y.; Meng, J. Engineering of ag-nanoparticle-encapsulated intermediate layer by tannic
acid-inspired chemistry towards thin film nanocomposite membranes of superior antibiofouling property. J. Membr. Sci. 2022,
641, 119922. [CrossRef]

40. Liu, Y.; Liu, J.; Jiang, Y.; Meng, M.; Ni, L.; Qiu, H.; Yang, R.; Liu, Z.; Liu, H. Synthesis of novel high flux thin-film nanocomposite
nanofiltration membranes containing GO-SiO2 via interfacial polymerization. Ind. Eng. Chem. Res. 2019, 58, 22324–22333.
[CrossRef]

41. Ding, W.; Zhuo, H.; Bao, M.; Li, Y.; Lu, J. Fabrication of organic-inorganic nanofiltration membrane using ordered stacking SiO2
thin film as rejection layer assisted with layer-by-layer method. Chem. Eng. J. 2017, 330, 337–344. [CrossRef]

42. Zheng, J.; Li, Y.; Xu, D.; Zhao, R.; Liu, Y.; Li, G.; Gao, Q.; Zhang, X.; Volodine, A.; Van der Bruggen, B. Facile fabrication of a
positively charged nanofiltration membrane for heavy metal and dye removal. Sep. Purif. Technol. 2022, 282, 120155. [CrossRef]

43. Zhang, C.; Wei, K.; Zhang, W.; Bai, Y.; Sun, Y.; Gu, J. Graphene Oxide Quantum Dots Incorporated into a Thin Film Nanocomposite
Membrane with High Flux and Antifouling Properties for Low-Pressure Nanofiltration. ACS Appl. Mater. Interfaces 2017, 9,
11082–11094. [CrossRef] [PubMed]

44. Zhang, L.; Guan, H.; Zhang, N.; Jiang, B.; Sun, Y.; Yang, N. A loose NF membrane by grafting TiO2-HMDI nanoparticles on
PES/β-CD substrate for dye/salt separation. Sep. Purif. Technol. 2019, 218, 8–19. [CrossRef]

45. Ji, D.; Xiao, C.; An, S.; Zhao, J.; Hao, J.; Chen, K. Preparation of high-flux PSF/GO loose nanofiltration hollow fiber membranes
with dense-loose structure for treating textile wastewater. Chem. Eng. J. 2019, 363, 33–42. [CrossRef]

46. Zhao, S.; Wang, Z. A loose nano-filtration membrane prepared by coating HPAN UF membrane with modified PEI for dye reuse
and desalination. J. Membr. Sci. 2017, 524, 214–224. [CrossRef]

47. Shen, L.; Li, P.; Zhang, T. Green and feasible fabrication of loose nanofiltration membrane with high efficiency for fractionation of
dye/NaCl mixture by taking advantage of membrane fouling. J. Appl. Polym. Sci. 2019, 136, 47438. [CrossRef]

48. Li, P.; Wang, Z.; Yang, L.; Zhao, S.; Song, P.; Khan, B. A novel loose-NF membrane based on the phosphorylation and cross-linking
of polyethyleneimine layer on porous PAN UF membranes. J. Membr. Sci. 2018, 555, 56–68. [CrossRef]

49. Zhang, J.; Yang, L.; Wang, Z.; Yang, S.; Li, P.; Song, P.; Ban, M. A highly permeable loose nanofiltration membrane prepared via
layer assembled in-situ mineralization. J. Membr. Sci. 2019, 587, 117159. [CrossRef]

50. Chu, Z.; Chen, K.; Xiao, C.; Ji, D.; Ling, H.; Li, M.; Liu, H. Improving pressure durability and fractionation property via reinforced
PES loose nanofiltration hollow fiber membranes for textile wastewater treatment. J. Taiwan Inst. Chem. Eng. 2020, 108, 71–81.
[CrossRef]

51. Li, Q.; Liao, Z.; Fang, X.; Xie, J.; Ni, L.; Wang, D.; Qi, J.; Sun, X.; Wang, L.; Li, J. Tannic acid assisted interfacial polymerization
based loose thin-film composite NF membrane for dye/salt separation. Desalination 2020, 479, 114343. [CrossRef]

52. Li, G.; Liu, B.; Bai, L.; Shi, Z.; Tang, X.; Wang, J.; Liang, H.; Zhang, Y.; Van der Bruggen, B. Improving the performance of loose
nanofiltration membranes by poly-dopamine/zwitterionic polymer coating with hydroxyl radical activation. Sep. Purif. Technol.
2020, 238, 116412. [CrossRef]

268



membranes

Article

Simultaneous Partial Nitrification and Denitrification
Maintained in Membrane Bioreactor for Nitrogen Removal and
Hydrogen Autotrophic Denitrification for Further Treatment

Kun Dong 1,†, Xinghui Feng †, Wubin Wang, Yuchao Chen, Wei Hu, Haixiang Li * and Dunqiu Wang *

Citation: Dong, K.; Feng, X.; Wang,

W.; Chen, Y.; Hu, W.; Li, H.; Wang, D.

Simultaneous Partial Nitrification

and Denitrification Maintained in

Membrane Bioreactor for Nitrogen

Removal and Hydrogen Autotrophic

Denitrification for Further Treatment.

Membranes 2021, 11, 911. https://

doi.org/10.3390/membranes11120911

Academic Editors: Hongjun Lin and

Meijia Zhang

Received: 28 October 2021

Accepted: 19 November 2021

Published: 23 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

College of Environmental Science and Engineering, Guilin University of Technology, 319 Yanshan Street,
Guilin 541006, China; 2020005@glut.edu.cn (K.D.); xinghfeng@glut.edu.cn (X.F.);
wangwubin2021@163.com (W.W.); 1020180208@glut.edu.cn (Y.C.); huwei5018@163.com (W.H.)
* Correspondence: 2011042@glut.edu.cn (H.L.); wangdunqiu@sohu.com (D.W.)
† These authors contributed to the work equally and should be regarded as co-first authors.

Abstract: Low C/N wastewater results from a wide range of factors that significantly harm the
environment. They include insufficient carbon sources, low denitrification efficiency, and NH+

4 -N
concentrations in low C/N wastewater that are too high to be treated. In this research, the membrane
biofilm reactor and hydrogen-based membrane biofilm reactor (MBR-MBfR) were optimized and
regulated under different operating parameters: the simulated domestic sewage with low C/N
was domesticated and the domestic sewage was then denitrified. The results of the MBR-MBfR
experiments indicated that a C/N ratio of two was suitable for NH+

4 -N, NO−
2 -N, NO−

3 -N, and
chemical oxygen demand (COD) removal in partial nitrification-denitrification (PN-D) and hydrogen
autotrophic denitrification for further treatment. The steady state for domestic wastewater was
reached when the MBR-MBfR in the experimental conditions of HRT = 15 h, SRT = 20 d, 0.04 Mpa for
H2 pressure in MBfR, 0.4–0.8 mg/L DO in MBR, MLSS = 2500 mg/L(MBR) and 2800 mg/L(MBfR),
and effluent concentrations of NH+

4 -N, NO−
3 -N, and NO−

2 -N were 4.3 ± 0.5, 1.95 ± 0.04, and
2.05 ± 0.15 mg/L, respectively. High-throughput sequencing results revealed the following: (1) The
genus Nitrosomonas as the ammonia oxidizing bacteria (AOB) and Denitratisoma as potential denitri-
fiers were simultaneously enriched in the MBR; (2) at the genus level, Meiothermus, Lentimicrobium,
Thauera, Hydrogenophaga, and Desulfotomaculum played a dominant role in leading to NO−

3 -N and
NO−

2 -N removal in the MBfR.

Keywords: partial nitrification-denitrification; hydrogen autotrophic denitrification; MBR-MBfR

1. Introduction

Conventional biological nitrogen removal (BNR) includes ammonification, nitrifi-
cation, and denitrification. This type of approach is considered to be a good choice for
reducing nitrogenous compounds in wastewater treatment because it is economic, effective,
easy to operate, and results in no secondary pollution [1,2]. However, for low C/N (chem-
ical oxygen demand (COD)/ammonia nitrogen, NH+

4 -N) wastewater, the BNR imposes
stringent restrictions on the insufficient carbon source and results in incomplete nitrogen
removal, which in turn requires external organic carbon sources, high operating costs,
and high aeration-associated energy consumption for nitrification [3–5].Partial nitrifica-
tion has been regarded as a sound self-sustaining biological nitrogen removal process
because it can reduce aeration energy by 25%, reduce carbon dioxide emissions and sludge
production, decrease organic carbon requirement by 40–100%, and reduce biomass pro-
duction by 300% [1,6]. According to Equations (1) and (2), the effectiveness of partial
nitrification was closely determined by the concentration of influent NH+

4 and the precise
control of dissolved oxygen (DO) concentration. In addition, NO−

2 -N did not coexist with
NH+

4 -N in most of the wastewater (usually needed in situ conversion to initialize the
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partial nitrification process), but NO−
3 -N and COD were frequently found in water and

wastewater:
NH+

4 + 1.5O2 → NO−
2 + 2H+ + H2O, (1)

NO−
2 + 1.5O2 → NO−

3 (2)

Various forms of integrated techniques were implemented in the past few years to
improve the ability of total nitrogen (TN) removal and to treat low C/N wastewater; novel
and cost-effective partial nitrification-based BNR processes have been put forward, includ-
ing partial nitrification-denitrification (PN-D), partial nitrification-simultaneous anammox
and denitrification (PN-SAD), and anaerobic ammonium oxidation (Anammox). PN-D
may represent a good alternative compared with conventional nitrification-denitrification
because the process uses nitrite nitrogen as an electron acceptor and organic matter as
an electron donor. It has the advantages of lower yields of sludge, being energy saving
(low aeration consumption), reducing the carbon source, and being suited for low C/N
wastewater [7]. Partial nitrification combined with denitrification achieves excellent nitrite
accumulation through the accumulation of ammonia-oxidizing bacteria (AOB) and the
inhibition of nitrite-oxidizing bacteria (NOB) in the reactors [8].

Considerable effort was made to control the operating conditions. However, it was
still hard to avoid the effluent NO−

2 -N concentration, the NO−
3 -N concentration, and COD

exceeding the stringent discharge standard all the time. Therefore, further improvements of
the NO−

2 -N concentration, NO−
3 -N concentration, and COD were necessary. Furthermore,

low DO aeration and NH+
4 -N residues were conducive to partial nitrification stability [4].

There were many factors affecting partial nitrification, including but not limited to DO,
temperature, pH, free ammonia (FA), and free nitrous acid (FNA). The oxygen saturation
concentration was 0.3 mg/L and 1.1 mg/L for the ammonia oxidation reaction and nitrite
oxidation reactions, respectively, and the low DO (less than 0.5 mg/L) benefitted AOB and
inhibited the NOB [9]. Li et al. [10] reported that the optimal temperature for AOB and
anaerobic ammonium oxidizing bacteria (AnAOB) for partial nitrification was 35 ◦C. A
suitable pH for the partial nitrification process was 6.5–8.5. When the pH was higher than
8.5, the partial nitrification was inhibited and the alkaline consumption was increased [11].
Soliman et al. [12] reported that the inhibition limit for NOB was 0.1–1.0 mg N/L and the
inhibition limit for AOB was 10–150 mg N/L of FA. The start of the partial nitrification
process was restricted by the aforementioned conditions and its industrial applications
were severely hindered. Therefore, to the method of quickly starting and maintaining a
stable partial nitrification reaction remains extremely challenging.

At present, the widely reported partial nitrification processes are built into sequen-
tial batch reactors (SBR). However, SBR reactors are constrained by complicated control
and poor stability performance [13]. Membrane bioreactors (MBRs) are alternatives to be
applied in the PN-D process. They can avoid biomass wash-out and increase biomass
retention, which allows the reactor to operate at a high biomass concentration, there-
fore improving the stability of the PN-D process. However, poor control of oxygen and
other influencing factors lead to the production of NO−

2 -N and NO−
3 -N, as shown in

Equations (1) and (2). This can lead to the quality of the effluent exceeding the wastewater
disposal standards if no further treatment is applied.

The hydrogen-based membrane biofilm reactor (MBfR), an emerging biodegradation
technology based on a hydrogenotrophic reduction process, efficiently removes nitrite
and nitrate from wastewater. In the MBfR, pressurized H2 is supplied to the lumen
of the hollow fiber membrane (HFM). The gas diffuses through the HFM wall through
nanopores in the autotrophic biofilm formed on the outer HFM surface. Here, nitrate
and nitrite diffuse from water into biofilm being reduced [14,15]. The advantages of this
hydrogenotrophic denitrification compared with conventional heterotrophic denitrification
technology include the utilization of nontoxic and inexpensive H2 as electron donors, no
requirement for the addition of external organic carbon, a small footprint, relatively low
cost, and low production of biological sludge [16,17]. Promising outcomes have been
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reported with MBfR for treating nitrate- and nitrite-contaminated water for research and
commercial applications. For example, Park et al. [18] applied an MBfR to treat high-
strength wastewater containing 50 mg/L NO−

3 -N without supplying any source of organic
carbon and a maximum nitrate removal rate of 0.1 g NO−

3 -N/(m2d) was achieved. In
addition, heterotrophs are usually also present in MBfR, which may bring further removal
of COD and contribute to the denitrification in a heterotrophic pathway if COD is present
in the influent. Therefore, an MBfR could be ideally suited for the treatment of nitrate and
nitrite byproducts from processes of partial nitrification and excessive COD.

In this study, strategies to initiate start-up NOB suppression and to adapt the partial
nitrification process to a hydrogenotrophic denitrification process were proposed. The
objectives of this study were as follows: (1) to couple partial-nitrification and denitrification
in MBR (MLSS = 2500 mg/L, 0.4–0.8 mg/L DO, reactor temperature was 35 ◦C) and use
a small amount of carbon source to achieve high-efficiency nitrogen removal through a
denitrification process; (2) to experimentally take advantage of MBfR (H2 pressure was
0.04 MPa and the pH value around 7.5) to quickly remove TN (nitrate and nitrite) and low
concentrations of nitrous; and (3) to explore the most suitable operating parameters for
low C/N wastewater when MBR-MBfR (in the experimental conditions of HRT = 15 h,
SRT = 20 d) was employed for domestic wastewater treatment.

2. Materials and Methods

2.1. Influent

The reactor was operated with both synthetic wastewater and domestic wastewater.
The synthetic wastewater used in this study was composed of substrates and trace elements
as influent. Ammonium was provided in the form of NH4Cl and added as required. The
pH in the reactor was maintained automatically at 7.5 ± 0.5 by addition of 0.1 M HCl and
0.1 M NaOH. An aeration device was set at the water pipe to control the concentration
of DO between 0.4 and 0.8 mg/L. Peristaltic pumps (BT101L-DG-1, Lead Fluid, Baod-
ing, China) were used to control the influent and the effluent feed rate. The synthetic
domestication water was adapted from an earlier study and comprised the following
components per liter [19]: 1 g NaHCO3, 0.1 g CaCl2.2H2O, 0.05 g KH2PO4, 0.05 g Na2SO3,
and 1 mL of a stock solution containing trace elements. The trace element stock solution
contained (per liter): 5 g MgSO4·7H2O, 0.1 g ZnSO4.7H2O, 6 g FeCl2·4H2O, 0.1 g H3BO3,
0.88 g CoCl2·6H2O, 0.5 g MnCl2.4H2O, 0.036 g NiCl2·6H2O, and 0.035 g CuCl2·2H2O.
The domestic wastewater was obtained from the effluent of a primary settling tank in
a domestic wastewater treatment plant (WWTP) from Guilin University of Technology.
The domestic wastewater conditions were as follows (similar to the operational condi-
tions of the batch experiment in phase III with various C/N ratios in the MBR): COD,
140–160 mg/L; NH+

4 -N, 80–100 mg/L; NO−
3 -N, 5–10 mg/L; NO−

2 -N, 0 mg/L; C/N ratio, 2.

2.2. Reactor Configuration

A scheme of the MBR-MBfR used in this study is shown in Figure 1 and the physical
characteristics of the reactors are listed in Table 1. The MBR set-up was made of plexiglass
and consisted of four parts: (I) an inner MBR unit used for culturing PN-D sludge; (II) a
thermostatic jacket filled with hot water to maintain a fixed temperature of 35 ◦C for PN-D;
(III) a hollow fiber membrane (HFM) module, in which the HFM was made of commercially
available PVC; and (IV) a programmable logic controller (PLC) system for monitoring the
pH and for controlling the concentration of DO. Notably, the effluent of MBR was realized
by the operation of a pump, in which the outlet at the top of the MBR was connected to a
buffer tank placed lower than the MBR for further treatment.
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Figure 1. Schematic representation of the MBR-MBfR set-up.

Table 1. The physical characteristics of MBR-MBfR.

Reactor Parameter Units Value

MBR

MBR height cm 30
Number of HFM 80

HFM inner diameter mm 1.2
HFM outer diameter mm 2.2

HFM pore size μm 0.1
Active surface area m2 0.06

Active volume L 4.32

MBfR

MBfR height cm 64
Number of HFM 65

HFM inner diameter mm 1.0
HFM outer diameter mm 1.66

HFM pore size μm 0.02
Active surface area m2 0.28

Active volume L 1.8

The start-up processes for MBR and MBfR were conducted under different operating
conditions. The startup operation for MBR was divided into two periods. The MBR was
inoculated with 500 mL of partial nitrification bacterial sludge: an initially mixed liquor
suspended solids (MLSS) of 2500 mg/L from a stable operating partial nitrification reactor
in the first period and 500 mL of denitrification bacterial sludge (MLSS of 2500 mg/L)
from a stable operating denitrification reactor in the second period. The start-up phase
began using synthetic wastewater containing NH+

4 -N under the conditions of low DO
(0.4–0.8 mg/L). The SRT of the MBR was 20d. The startup operation for MBfR was
HRT = 10 h (shortened to 5 h in the post-start experiment), MLSS = 2800 mg/L, and the
SRT of the MBfR was 20d.

The medium consisted of tap water with the following components added: 1.386 g
Na2PO4, 0.849 g KH2PO4, 0.05 g MgSO4·7H2O, and 0.025 g (NH4)2SO4 per liter. NaNO3
and NaHCO3 were used as inorganic nitrogen and carbon sources for the rapid growth
of hydrogenotrophic microorganisms. A mixture of KH2PO4 0.128 g/L and Na2HPO4
0.434 g/L was used as the phosphate buffer to keep the pH value of the MBfR around
7.5 [20]. The hollow-fiber membranes were made from microporous polyethylene with
a thin polyurethane core (Watercode, Guangzhou, China). The total membrane active
surface area of the MBfR was 0.28 m2. The MBfR system consisted of an HFM module
with 65 HFMs located inside of a vertical plexiglass cylindrical shell and an ultrapure H2
tank for supplying pressurized H2 to the HFM module. The MBfR module was sealed
using waterproof epoxy glue. The fiber was connected to a hydrogen-supplying manifold
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supplied at the top end and sealed individually at the bottom end. Smaller pore size HFMs
made of PVC with a pore size of 0.02 μm were used in the MBfR to deliver bubble-less
H2 through the HFM wall. The H2 pressure was 0.04 MPa, while the pressure was also
adjusted in the range of 0.02–0.06 MPa to evaluate the effect of H2 pressure on nitrogen
removal performance.

2.3. Samping and Analytical Methods

The operating performance of the reactors was evaluated by analyzing influent and
effluent samples on a daily basis. Samples were subsequently filtered through a 0.22 μm
membrane filter. Influent and effluent samples were collected daily for both MBR and MBfR
to analyze the concentration of NH+

4 -N, NO−
3 -N, and TN according to a standard method

provided by the American Public Health Association (APHA). NO−
2 -N concentrations were

determined using a colorimetric assay based on sulfanilamide and N-(1-naphthyl) ethylene-
diamine dihydrochloride. The absorbance was measured at 540 nm in a spectrophotometer
(UV6100, METASH, Shanghai, China). The pH and DO were monitored in situ via a PLC
system that was connected with pH and DO probes.

The biomass samples were sent out for microbial structure analysis at Novogene Co.,
Ltd. (Beijing, China). The relative abundance of partial nitrification bacteria, denitrifica-
tion bacteria, and hydrogen autotrophic denitrifying bacteria were determined by high-
throughput sequencing analysis. The V4-V5 hypervariable region of the 16s RNA gene was
amplified by polymerase chain reaction (PCR). The amplified PCR used the bacterial primers
515F(5′-GTGCCAGCMGCCGCGGTAA-3′) and 907R(5′-CCGTCAATTCCTTTGAGTTT-3′).
The operational taxonomic units (OTUs) of the representative sequences were anno-
tated with the Ribosomal Database Project (RDP) classifier method and the Greengene
database [21] for species annotation analysis (the threshold value was set to 0.8–1). The se-
quence number of each sample was normalized and the trimmed sequences were grouped
into OTUs using 97% identity thresholds. [22]. Kingdom, phylum, class, order, family,
genus, and species were used to analyze the community composition of each sample.
Taxonomic classification at the genus level was performed using the RDP algorithm to
classify the representative sequences from each OTU.

3. Results and Discussion

3.1. Start-Up and Experimental Strategy of MBR

The startup operation for MBR was divided into two periods (shown in Section 2.2).
In the first period, which consists of the demand for partial nitrification bacteria, the
incubator was continuously fed by the peristaltic pump with an increasing nitrogen load
(gradually increasing the NH+

4 -N concentration and decreasing the hydraulic retention
time (HRT); the detailed operating conditions during the start-up process are shown in
Table 2). After 30 days of the start-up phase for the partial nitrification operation, more
than 96% removal of NH+

4 -N was achieved under a hydraulic retention time (HRT) of 10 h
and the concentration of reactor NO−

2 -N rose to 102 mg/L. This was accompanied by a
small amount of NO−

3 -N generation (10 mg/L). The start-up and stability of the partial
nitrification process were successful under these conditions.

Table 2. Operational conditions during the start-up of partial nitrification in the MBR.

Phase Time (days) NH+
4 -N (mg/L) NO−

3 -N (mg/L) HRT (h)

I 1–7 50.11 10.90 16
II 8–15 61.66 10.10 14
III 16–23 71.43 9.41 12
IV 24–30 80.74 9.90 10

After 31 days, the carbon source was added to the MBR relative to the phase (showed
in Table 3) and 500 mL of denitrification bacteria sludge was inoculated in the MBR. A
batch experiment with various C/N ratios in the range 0.5–3 was performed in the MBR
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to see how the performance of denitrification was affected and to promote the stability
and acclimatization of denitrification with the co-existence of COD and nitrogen. This was
conducted because a certain amount of COD is always present in domestic wastewater.
The existence of COD promoted the denitrification process to a certain extent. At this stage,
denitrifying bacteria had a certain effect on the removal of COD, NO−

3 -N, and NO−
2 -N,

but they could not be completely removed. The operational conditions during this batch
experiment are shown in Table 3. The nitrogen concentration in the influent was fixed with
a concentration of NH+

4 -N of 80 mg/L, while the influent C/N was increased in a stepwise
manner by adding the required volume of white sugar.

Table 3. Operational conditions during the different phases with various C/N ratios in the MBR.

Phase Time (Days) C/N COD (mg/L)
NH+

4 -N
(mg/L)

HRT (h)

I 31–38 0.5 40

80 10
II 39–46 1 80
III 47–54 2 160
IV 55–62 3 240

An excessively high concentration of organic carbon may therefore significantly sup-
press the removal of nitrogen via denitrification. The effect of COD on nitrogen and COD
removal was evaluated to determine the effectiveness of the denitrification period of MBR.
A preliminary batch test with various C/N ratios in the range of 0.5–3 was performed in
the MBR after the start-up and steady state of MBR without adding an organic carbon
source. The performance of NH+

4 -N and COD removal for the MBR in the denitrification
period is shown in Figure 2. Negligible change of COD removal, which was around 13.06%,
was found when the C/N ratio was varied in the range of 0.5–3. Notably, the highest
NH+

4 -N removal of 87.59% was obtained at a C/N ratio of two, while a dramatic decrease
was found when the C/N ratio was higher than two. As shown in Figure 3, 9.9% and
5.2% higher values of NH+

4 -N removal at a C/N ratio of two were observed than those
obtained at ratios of 0.5 and 1. This might be attributable to the higher contribution of
NH+

4 -N removal through the heterotrophic denitrification pathway with COD concentra-
tion in the influent (C/N ratio of two). When the C/N ratio was 0.5 and the influent COD
concentration decreased to 40 mg/L, the COD content was low, and the lack of carbon
source led to incomplete denitrification. The effluent NO−

2 -N concentration decreased and
the COD removal rate decreased. As shown in Figure 2, a C/N ratio of two was suitable
for NH+

4 -N, NO−
2 -N, NO−

3 -N, and COD removal and resulted in no apparent inhibition
of denitrification activity. However, around 10 mg/L of NO−

3 -N (shown in Figure 2) was
detected in the effluent when the C/N ratio in the influent was two in the MBR. When
the C/N ratio was three, the activated sludge system in the reactor was a complex multi-
bacteria coexistence system. With the increase of C/N in the domestic wastewater, the
activity of heterotrophic bacteria and denitrifiers in the reactor increased. The change in
the composition of the influent matrix made PN need an adaptation process, but with the
increase of organic matter, AOB and denitrifying bacteria also had a dynamic change until
a new balance occurred. Increasing organic matter promoted the growth of denitrifiers.
Organics promote the growth of denitrifiers, while these denitrifiers or heterotrophs would
consume more oxygen, which is necessary for AOB growth, inhibiting the growth of AOB
involved in partial nitrification and compete with AOB for living space and substrate [23],
leading to an increase in the concentration of NH+

4 -N in the effluent. Too much carbon
inhibited the growth of the AOB participating in the partial nitrification. This increased the
effluent NH+

4 -N concentration at this phase (C/N ratio of three) and the partial nitrification
product NO−

2 -N was used by heterotrophic denitrifying bacteria to produce PN-D. This
reduced the nitrite nitrogen concentration and led to an increase of sludge produced by
subsequent denitrification. Therefore, a further sufficient treatment of nitrate was required.
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Figure 2. NH+
4 -N, NO−

2 -N, and NO−
3 -N in the effluent and ammonia-nitrogen removal rate (NRR)

of the start-up of the MBR.

Figure 3. NH+
4 -N and COD removal in the MBR during batch experiments in the denitrification period.

3.2. Start-Up and Experimental Strategy of MBfR

Different synthetic wastewater containing 10 mg/L of NO−
3 -N was used for the MBfR

start-up. The inoculation seeding sludge of hydrogenotrophic bacteria was collected
from a lab-scale denitrifying MBfR in our laboratory. The MBfR start-up procedure was
like the procedure for the MBR, which was to continuously feed the synthetic influent
with increasing loading of nitrate. After successful start-up, the MBfR was able to reach a
NO−

3 -N removal of more than 98% at an HRT of 10 h with an influent NO−
3 -N concentration

of 10 mg/L. Previous studies proved that the H2 supplying pressure and influent nitrate
loading were the two key operational factors that affected the nitrate removal performance
in MBfR [24,25].

In this study, two series of experiments were conducted to investigate the performance
of nitrate removal in the MBfR. These included looking at the H2 supplying pressure and
influent NO−

3 -N concentration. A H2 supplying pressure in the range of 0.02–0.08 MPa has
been acknowledged to be preferable for use in most MBfRs [26]. In the H2 series, three
pressures of 0.02, 0.04, and 0.06 MPa were involved to discover the optimal H2 pressure
for our reactor, while the influent NO−

3 -N concentration was fixed at 10 mg/L as the H2
pressure varied. Most natural water in China usually has a certain amount of nitrate
(e.g., 10 mg/L of NO−

3 -N was detected in tap water used to make synthetic medium in our
lab). Therefore, we added 10 mg/L NO−

3 -N during the H2 series. For the NO−
3 -N series,

the influent contained 10, 20, and 30 mg/L of NO−
3 -N to discover the potential ability of

nitrate removal in the MBfR and to evaluate the capability to encounter fluctuations of
influent. The H2 pressure was fixed at 0.04 MPa. The HRT was maintained at 5 h for all the
experiments in the two series.
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The MBfR was used to handle the left-over nitrate produced in the PN-D process.
We assessed the effects of two key factors on the performance of nitrate removal, namely,
H2 pressure and influent NO−

3 -N concentration, to discover the capability of the MBfR
to remove nitrate. The results are shown in Figure 4. An apparent increase of nitrate
removal was observed from 96% to 99%, when the H2 pressure increased from 0.02 MPa to
0.04 MPa, compared with an increase from 0.04 MPa to 0.06 MPa (less than 1%) as shown in
Figure 4a. MBfR was therefore already able to efficiently remove nitrate from the influent
when the H2 supplying pressure was set at 0.04 MPa. It was not necessary to use a higher
supplying pressure, which helped with safety and preserved the life of the membranes. The
influent NO−

3 -N concentration was varied at 10, 20, and 30 mg/L and the effect on nitrate
removal is shown in Figure 4b. The influent NO−

3 -N concentration in this range covered
the nitrate produced from PN-D MBR plus the fluctuation of nitrate concentration in the
tap water used for synthetic wastewater or domestic wastewater. The highest effluent
NO−

3 -N concentration of 3.2 mg/L was found in all three phases for drinking water when
the influent NO−

3 -N concentration was 30 mg/L. A stepwise decrease of nitrate removal
was found as the influent concentration of NO−

3 -N increased.

 
(a) (b) 

Figure 4. Effects of H2 pressure and influent NO−
3 -N concentration on NO−

3 -N concentration and removal in the effluent.
(a) H2 pressure: 0.02, 0.04, and 0.06 MPa; (b) influent NO−

3 -N concentration: 10, 20, and 30 mg/L.

3.3. Effects of the MBR-MBfR on Nitrogen Compound Removal at C/N = 1.5–2.5

The domestic wastewater was tested in the integrated MBR-MBfR to verify the appli-
cation of the system. The domestic wastewater was obtained from the effluent of a primary
settling tank in a wastewater treatment plant. Of note, 120–160 mg/L COD was added
proportionally to the influent at the appropriate concentration. This addition was done to
validate the PN-D process to biodegrade nitrogen and COD, and to verify the optimum
C/N ratio of PN-D and hydrogen autotrophic denitrification for further treatment in the
MBR-MBfR. The domestic wastewater was also fed continuously at an HRT of 15 h for
both MBR and MBfR.

Extensive experiments in three phases were conducted under various C/N conditions
to investigate the behaviors in both the MBR and MBfR and how the nitrogen and COD
removal performed in each reactor. This was achieved based on the PN-D process and
adding simulated wastewater at different C/N ratios. Each phase was operated long
enough to reach steady state. The HRT of the MBR and MBfR was set to 10 h and 5 h,
respectively, which resulted in a total HRT of 15 h for the integrated MBR-MBfR system.
The operational conditions under different phases are summarized in Table 4. A C/N ratio
of two was still suitable for the remaining PN-D process to allow high NH+

4 -N, NO−
2 -N,
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NO−
3 -N, and COD removal in the MBR. Three phase experiments at C/N ratios of = 1.5,

2.0, and 2.5 were conducted with fixed 80 mg/L NH+
4 -N to further investigate how the

nitrogen and COD removal performed in the integrated MBR-MBfR system.

Table 4. Operational conditions at various C/N ratios in the MBR.

Phase C/N COD (mg/L) NH+
4 -N (mg/L) HRT (h)

I 1.5 120
80 15II 2.0 160

III 2.5 200

COD removal had no distinct change in the MBR when the C/N ratio increased from
1.5 to 2.5, as shown in Figure 5a. However, a significant decrease was found at a C/N ratio
higher than two after the treatment of MBfR, owing to the increase of the influent COD
concentration to 200 mg/L. The effluent COD concentrations of 8.64, 11.23, and 23.77 mg/L
were detected at C/N ratios of 1.5, 2.0, and 2.5, respectively. The removal of TN in the
integrated MBR-MBfR system is shown in Figure 5b. The lowest effluent TN concentration
of 16.69 mg/L was detected at the influent TN concentration of 107.98 mg/L. MBfR had
no significant difference in contribution to TN and COD removal among the three phase
experiments at different C/N ratios.

 
(a) (b) 

 
(c) (d) 

Figure 5. (a) COD removal in the MBR-MBfR during batch experiments at C/N ratios of 1.5, 2.0, and 2.5; (b) TN removal in
the MBR-MBfR at C/N ratios of 1.5, 2.0, and 2.5; (c) NH+

4 -N, NO−
3 -N, and NO−

2 -N removal of the MBR in the MBR-MBfR at
C/N ratios of 1.5, 2.0, and 2.5; (d) NH+

4 -N, NO−
3 -N, and NO−

2 -N removal of the MBfR in the MBR-MBfR at C/N ratios of
1.5, 2.0, and 2.5.

277



Membranes 2021, 11, 911

The performance for nitrogen removal for NH+
4 -N, NO−

3 -N, and NO−
2 -N in the MBR

is shown in Figure 5c. The effluent concentrations of TN in the MBR were somewhat lower
in phase I than phases II and III, which indicated that PN-D activity was greater in phase II.
A dramatic increase of NH+

4 -N concentration in the effluent of MBR was found owing to
the suppression of the growth of AOB bacteria proliferation by organic matter, and other
reason is that organic matter will be absorbed by heterotrophic aerobic bacteria in large
quantities, which will inhibit the growth of AOB to a certain extent. This increase is shown
in Figure 5b compared with the other two phases when the C/N ratio increased to 2.5.

In addition, the effluent NO−
3 -N and NO−

2 -N concentrations of the MBR were lower
and higher, respectively, in the third phase because of a higher COD loading that may result
in partial denitrification. The PN-D activity can often be outcompeted by heterotrophic
denitrification and severely inhibited at a C/N ratio greater than 2.0.

MBfR performed an efficient removal for both nitrate and nitrite that remained in the
effluent of MBR in all three phases, as shown in Figure 5d. Less than 1.90 mg/L NO−

3 -N
and 3.83 mg/L NO−

2 -N were detected in the effluent. However, there were small but
insignificant differences of NH+

4 -N being reduced after the treatment of MBfR in all three
phases. To our knowledge, there is little evidence in the literature that the anaerobic MBfR
can effectively remove ammonium. The main contribution to TN concentration in the
effluent was, therefore, that ammonium remained after the treatment of PN-D in the MBR.
Therefore, in further studies, the main measure to promote TN removal could be to create
a suitable condition to proliferate AOB bacteria and suppress the activity of NOB in the
PN-D MBR.

3.4. Experimental Study on Treatment of Low C/N Wastewater by MBR-MBfR Reactor

In the treatment and application stage, the domestic wastewater came from the sewage
treatment plant of Guilin University of Technology. The typical characteristics of this
domestic wastewater are described in Section 2.1. After the stable operation of the reactor
in the previous stage, the operation cycle was selected as 20 days. The operation results
were shown in Figure 6.

Figure 6. NH+
4 -N, NO−

3 -N, NO−
2 -N, and COD removal in the MBR-MBfR during the treatment and

application stage.

At the beginning, the influent water of the MBR-MBfR changed for domestic wastew-
ater under conditions of low DO and low C/N. The PN-D bacteria in the MBR reactor
and the hydrogen autotrophic denitrifying bacteria in the MBfR reactor were affected by
actual sewage. The start-up period was used for adaptation of the biomass and the PN-D
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process was targeted for treatment with the hydrogen autotrophic denitrification process.
A short-term decline in AOB activity made the change in removal rate of COD and nitrogen
not obvious and NH+

4 -N built up in the effluent in the MBR at the beginning.
In the first four days, a period of acclimation for the concentration of NH+

4 -N and
COD was observed in the MBR-MBfR effluent. The concentration of NH+

4 -N and COD
decreased from 23.00 mg/L and 25.66 mg/L to 17.80 mg/L and 22.69 mg/L, respectively.
The influent NH+

4 -N concentration was maintained at about 80 mg/L from the fifth day to
the end of the period of the domestic wastewater treatment. The effluent concentration
of NH+

4 -N decreased significantly from 10.21 mg/L to 3.89 mg/L compared with the first
four days and the average removal rate was 90.26%. The effluent concentrations of NO−

3 -N
and NO−

2 -N were 1.95 mg/L and 1.91 mg/L, respectively.
The steady state was reached during days 16–20. Reactor and effluent concentra-

tions of NH+
4 -N, NO−

3 -N, and NO−
2 -N were 4.3 ± 0.5 mg/L, 1.95 ± 0.04 mg/L, and

2.05 ± 0.15 mg/L, respectively. Here we compare the results of the proposed method
with the previous study about an experiment of using a membrane bioreactor to treat
actual wastewater; when the nitrogen loading rate was similar to that reported before,
MBR-MBfR system could remove the excess NO2

--N and NO3
--N remaining after the

partial nitrification-denitrification process, and the total nitrogen removal rate and COD
removal rate could reach 84.75% and 90.57%, higher than the 43% and 87% mentioned
in the previous study [27]. Compared with another study on the treatment of municipal
wastewater with low C/N ratios by the A2O-MBR process, the total nitrogen removal
rate of the MBfR in this study was greater than the 79% mentioned in previous studies
(under conditions of MLSS = 3000 mg/L, close to the actual wastewater MLSS in this
study) [28]. The DO concentration was at a low level between 0.4 and 0.8 mg/L. Under
these conditions, the activity of AOB was enhanced and completely outcompeted NOB
from the reactor. This result indicated that the PN-D process and hydrogen autotrophic
denitrification in the MBR were the main processes taking place. NOB inhibition was
effective while maximizing the activity of AOB, although some residual nitrite oxidation
was still present. The effluent water of the MBfR met Class 1A level for Chinese discharge
standards from municipal wastewater treatment plant (GB18918-2002) for NH+

4 -N, NO−
3 -N,

and NO−
2 -N concentrations.

3.5. Microbial Community Analysis in Different Phases of MBR-MBfR

Sludge samples were collected on MR1 (the start-up period of MBR), MR2 (treatment
stage of low C/N wastewater of MBR), MR3 (treatment stage of domestic wastewater of
MBR), FR1 (the start-up period of MBfR), FR2 (treatment stage of low C/N wastewater
of MBfR), and FR3 (treatment stage of domestic wastewater of MBfR). In the taxonomic
analyses, the samples collected from MBR (MR1, MR2, and MR3) were grouped into
304, 324, and 363 OTUs, and the samples collected from MBfR (FR1, FR2, and FR3) were
grouped into 613, 619, and 684 OTUs, respectively. The genera and phyla with relative
abundance rates greater than 0.1% are shown in Figure 7.

In the sample from MBR (MR1), nine phyla with relative abundance greater than 0.1%
were detected. Proteobacteria (53.54%), Bacteroidetes (23.49%), Planctomycetes (7.68%),
and Chloroflexi (9.56%) were the dominant phyla in the resultant bacterial community.
Proteobacteria were the predominant phyla with an occurrence of 53.54%. The genus
Brevundimonas within this phylum had the greatest relative abundance of 14.80%. It has
been reported to have a process of promoting ammonia oxidation [29] and boosting the
development of the PN-D process [30]. The denitrifying bacteria of the genus Denitratisoma,
which perform denitrification via nitrite, were present in the MR1, MR2, and MR3, with
0.80%, 1.84%, and 3.63% relative abundance. It should be noted that the main reason for the
Denitratisoma abundance increase was that MBR-MBfR had a denitrification process, and the
denitrification process was gradually enhanced after incubation with nitrogen wastewater
containing carbon sources. High-throughput analysis revealed that an abundance of the
genera Denitratisoma, which are potential denitrifiers, improved TN removal efficiency.
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The continuous increase of the relative abundance of Denitratisoma was closely related
to the COD concentration rising from MR1 to MR3. This result was consistent with the
findings of Ge [31] and Tao [32]. The genus Nitrosomonas, which belongs to the AOB, has
been reported to be the first step in partial nitrification, and also found in diverse aquatic
and terrestrial environments [33]. Proteobacteria and Nitrosomonas were the dominant
phyla and genus, respectively, for MR1 to MR3. The Proteobacteria increased to 62.56% in
MR3; Nitrosomonas increased from 0.38% to 29.53% and performed ammonium oxidation
to nitrite. In the case of low DO, the NOB activity was inhibited. DO correlated with AOB
and NOB abundance [34].

(a) (b) 
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 Deinococcota
 Firmicutes
 Bacteroidota
 Desulfobacterota
 Acidobacteria
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 Verrucomicrobia
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 Proteobacteria

 Others
 Hydrogenophaga
 Ahniella
 Desulfotomaculum
 Novosphingobium
 Thauera
 Lentimicrobium
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 Azoarcus
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 unidentified_Ignavibacteria
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Figure 7. (a) Relative abundance of the phyla found in samples from the reactors MBR-MBfR; (b) relative abundance of
genera found in samples from the reactors MBR-MBfR.

The abundance of partial nitrification microorganisms (Nitrosomonas bacteria) and
denitrifying microorganisms (Denitratisoma bacteria) in the MBR shed light on their remark-
able performance in the combined partial oxidation of ammonium and the denitrification
of nitrite and nitrate. In the MBR, the species richness increased with the three phases
of operation of MBR (MR1, MR2, and MR3), as evidenced by the OTUs and the Chao1
indexes. This increase was possibly because of the change from synthetic wastewater to
domestic wastewater that contained complex organic matter and nitrogen compounds.
The data summarized above clearly showed that partial nitrifying bacteria and denitrifying
bacteria were simultaneously present in the MBR, which further demonstrates the fusion
of the PN-D process in the MBR.

In the MBfR, the abundance of the ten most found bacteria at the genus and phylum
level were investigated in the different phases (FR1, FR2, and FR3). The qualified sequence
reads of the biological samples (FR1, FR2, and FR3) were 83270, 90419, and 80113. The most
abundant genera of the operation for FR1 were Meiothermus and Lentimicrobium with a
relative abundance of 17.69% and 15.96%, respectively, as shown in Figure 7b. Meiothermus,
which has been reported as a denitrifying bacteria, played an important role of reducing
Cr (VI), BrO−

3 , and NO−
3 in several MBfRs [35,36]. The genus Lentimicrobium, known as a

potential denitrifier [37], has been reported to be indispensable for the successive removal
of high concentrations of nitrate [38]. The genus Thauera, with a relative abundance of
8.4% in MR1, could also not be ignored. Thauera was deemed to be the most active den-
itrifying bacteria in a sewage treatment system and was the most dominant and major
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contributor to the denitrification of nitrogen wastewater [39]. The occurrence of the genus
Hydrogenophaga and Desulfotomaculum at the beginning of the operation (FR1) was 0.4%
and 0.5%, respectively. They occurred as smaller populations, increasing to 1.8% and 3%,
respectively, at the end (FR3). Hydrogenophaga, an autotrophic denitrifier, belongs to the
autotrophic genera. It was a known genus of hydrogen-oxidizing bacteria dominant in
the microbial community of MBfR [40]. Hydrogenophaga had the characteristic of domi-
nating the biofilm and was responsible for the reduction of NO−

3 [41]. The population of
Hydrogenophaga exhibited low relative abundances in our study compared with previous
work [42,43]. The possible explanations for the lack of Hydrogenophaga in the present study
are as follows: (1) the successful PN-D process brings about the accumulation of NO−

2
in the MBR effluent; the presence of NO−

2 has a toxic effect on Hydrogenophaga, and the
reproduction of Hydrogenophaga is sensitive to its presence [17]. (2) The MBfR influent
contained synthetic wastewater and domestic wastewater with COD, NO−

3 , and NO−
2 ,

and other nitrogen compounds. The loaded influent and the components were different
in the MBR of each phase from FR1–FR3, which led to the limitation of the activity of
Hydrogenophaga. Additionally, in the treatment and application stage, the treated water
after the partial nitrification-denitrification process was MBfR influent, which had a more
complex composition and was quite different from the experimental water in the previous
study (synthetic groundwater with additives) [43]. The influent of MBfR contained a small
amount of organic matter from the MBR reactor, and the presence of a small amount of
residual organic matter promoted the proliferation of heterotrophic denitrifying bacteria
and competed with hydrogen autotrophic denitrifying bacteria (living space and nutrients).
As a result, the dominant species of hydrogen autotrophic denitrifying bacteria possessed
a low stable relative abundance for a long time.

Meanwhile, the entry of organic matter in the influent made heterotrophic denitri-
fying bacteria compete more effectively with the autotrophic denitrifying bacteria. The
heterotrophic denitrifying bacteria therefore had an advantage, seizing the electron donor,
which resulted in inhibition of the growth of the autotrophic denitrifying bacteria.

4. Conclusions

A two-stage system was applied for nitrogen removal from a wastewater treatment
plant processing wastewater in an MBR-MBfR reactor. The proper functioning of the
system was achieved by coupling the PN-D process in an MBR with further treatment
in an MBfR. More than 96% of NH+

4 -N was removed via PN-D in MBR. In experiments
with C/N (ratios of 1.5, 2.0, and 2.5) for the MBR-MBfR, the PN-D process was often
outcompeted by heterotrophic denitrification and severely inhibited at a C/N greater
than 2.0. MBfR performed a further treatment for both nitrate and nitrite that remained
in the effluent of MBR, which obtained the average NO−

3 -N removal of 89.3% when the
influent NO−

3 -N concentration was 30 mg/L and the HRT was 5 h. The effluent water
of MBfR met Class 1A level for Chinese discharge standards after the stable operation
of the MBR-MBfR (in the experimental conditions of HRT = 15 h, SRT = 20 d) used for
domestic wastewater treatment. Microbial community analysis revealed that a successful
AOB-proliferation stage was achieved with denitrifying bacteria (Denitratisoma genus),
which performed denitrification in MBR at the same time. In the MBfR, the dominant
bacteria were Meiothermus, Lentimicrobium, Thauera, Hydrogenophaga, and Desulfotomaculum,
which proved the success of the hydrogenotrophic denitrification process in MBfR and
showed the characteristics of efficient nitrate and nitrite removal.
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