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ABSTRACT

The food sector plays an important role in ensuring the general people's good health
and nutritional needs by maintaining food security and food safety. This industry's
scope of activities is covered by food production, postharvest management,
processing, manufacturing, packing, transportation, and consumption. However, the
growing worldwide population has increased the need for food, but at the same time
there has been a significant increase in the output of waste generation of the food
industry, which represented as an ultimate challenge. Mainly, two types of wastes,
liquid waste (wastewater) and solid waste (food waste), are observed on a large scale,
but by treating these wastes, various potential benefits could be obtained in terms of
clean water production and resource recovery, respectively. With the emergence of
wastewater treatment and resource recovery technologies, membrane process has
been identified as a mainstream tool in the last few years due to its unique
advantages, including high efficiency, portable facilities, economically feasible, etc.
Therefore, in the current thesis, novel electrospun nanofibers membranes have been
applied in treating wastewater and pressure-driven membrane filtration used for
resource recovery by modulating their process intensification.

As of today, electrospun-based nanofibers membrane materials, usually with smaller
diameters (less than 100 nm) and higher surface area, have been used widely to
replace traditional adsorbents. Thus, the authors, using an environmentally friendly
approach for eliminating methylene blue from an aqueous solution, have developed
a unique electrospun nanofiber membrane made of a combination of
polyethersulfone and hydroxypropyl cellulose (PES/HPC). Structures of the newly
manufactured membrane were studied using SEM, FTIR, TGA, and XRD. The
results show that a uniformLy-sized nanofiber with an ultrathin diameter of 168.5
nm and high mechanical stability has been observed in the membrane. Contact angle
measurements have shown that the blended membrane exhibits good hydrophilicity,
and excellent adsorption capacity. The highest adsorption capacity was found to be
259.74 mg/g at neutral pH under room temperature, and the pseudo-second-order
model was found to be accurate. In  addition, a  novel
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polyethersulfone/polyacrylonitrile (PES/PAN) blended electrospun nanofiber-based
membrane was developed and applied for removing methylene blue from aqueous
solutions. SEM results exhibited a smooth surface of the blended PES/PAN
nanofiber membrane with an ultrathin diameter of 151.5 nm, much better than the
pristine PES nanofiber membrane (261.5 nm). Besides, the blended PES/PAN
nanofiber membrane showed a good mechanical stability and hydrophilicity nature,
which are vital for adsorption study. Experimental adsorption kinetic data obeyed by
the pseudo-second-order (R?=0.9970) and consistent with the Langmuir isotherm
model (R?=0.9983) by showing the maximum adsorption capacity of 1010 mgMB/g
at neutral pH and room temperature, indicating that that the adsorption process
occurred in a monolayer form of the membrane surface.

Additionally, the potential of organic waste streams (i.e., food waste) for the
sustainable production of precursor chemicals such as volatile fatty acids (VFAS)
using anaerobic digestion (AD) has received significant attention in the present days
within a consortium of resource recovery. AD-derived VFAs have great market
appeal if the challenges with their recovery and purification from the complex AD
effluent is overcome. In this study, a novel microfiltration immersed membrane
bioreactor (MBR) was used for the production of VFAs from food waste and
simultaneously in-situ recovery of VFAs. The recovered permeate was then
subjected to further purification using a side stream ultrafiltration unit. It was found
that VFAs concentration (above 6 g/L) was higher for 10 kDa at pH 5.4 in
ultrafiltered solution. After that, nanofiltration was carried out using two commercial
nanofiltration membranes of 200-300 Da and 300-500 Da under various pH,
applying constant pressure and temperature of 15 bar and 20-21°C, respectively. As
noticed, the membrane with the molecular weight cut-off (MWCO) of 200-100 Da
appeared to be more effective with an increased concentration of total VFAs (16.94
g/L) and recovery percentage above 90% at pH 9. Moreover, the concentration and
recovery percentages of individual VFAs were further enhanced by conducting a
sequential permeate recycling process, where, interestingly, recovery percentages of
100% was reached for specific acids.

Overall, the novel electrospun nanofibers membrane are promising for future food
industry wastewater treatment applications with increased efficiency, while the use
of pressure-driven membrane filtration as a post-treatment of anaerobically digested
food waste-derived effluent could be a potential recovery pathway of VFAs-based
chemicals.
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1. INTRODUCTION

Food is a necessary component of our daily existence. Every country's food business
is fundamental and vital to its survival. Food processing is by far the most sensitive
stage in order to build up a fundamental vibe that is interlinked with the food supply
chain initiative, but the manufacturing of that food has a negative impact on our
surroundings (Khan et al., 2021b, Sandhu et al., 2020). Our planet's ability to
replenish the resources and environmental services that underpin our wealth and
progress is being quickly depleted as a result of rampant mass manufacturing. In
addition to harming the environment, the present food supply chain also has
detrimental effects on human well-being, making it unsustainable. Among them,
waste generation from food industries is generally unavoidable by-products and is
considered one of the most threatened parts of the progressive civilization cycle.
With the majority of liquid waste and solid waste are typically discharged from the
food industry, whereby the manufacturer leading processing parts remained the
original sources of wastes (Frenkel et al., 2017, Hang, 2004). Overall, the food
industry waste generation framework is shown in Figure 1.1.
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Figure 1.1 Waste generation framework of the food industry
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According to the Environmental Protection Agency (EPA), the definition of liquid
waste could be described by the presence of a “liquid” substance with any waste’s
materials. Liquid waste is generally regarded as one of the important issues around
the world because 71% of the Earth’s surface is covered by water, which means
liquid waste formation is strongly associated with this criterion. There are many
operations stages (temperature control, cleaning, cooking, sanitation, transportation
and other auxiliary steps) in the food industry where water is a must component to
run the whole chain production process, thereby a large amount of wastewater
effluents are generated accordingly (Chu et al., 2013). Contaminants in wastewater
may include a wide range of substances such as microbes, colloids and proteins as
well as ions of heavy metals and dyestuffs. Among them, dyestuff-contaminated
industrial wastewater has significantly negatively impacted water and land quality,
human health, and the ecosystem. It is the most challenging compound to remove
from the industrial effluent streams because of having a stable and complex structure
(Pervez et al., 2020e, Morshed et al., 2020b, Pervez et al., 2019b). Notably, the food
industry uses a variety of dyestuffs for their manufacturing purposes, and methylene
blue (MB) is one of them. One of the most often utilized dyes in the manufacture of
consumer goods like roasters, cutlery and paper sheets is MB (cationic azo dye). It
may permanently harm the eyesight of people and animals alike by causing severe
eye burns. Acute palpitations and wheezing may be caused by some substances,
which might exacerbate lung difficulties (Pervez et al., 2021c, Jing et al., 2021b,
Kaya-Ozkiper et al., 2022). The investigation of suitable techniques for eliminating
MB from wastewater discharge by the food sector is thus of fundamental relevance.
After being treated by effective technologies from food industry wastewater, water
reuse could be a great manifesto for balancing the socio-economic situation due to
freshwater availability.

On the other hand, the worrisome buildup of solid waste, especially food waste
(FW), is the consequence of an increasing pace of industrialization, urbanization,
and poor waste management. Besides, it has the potential to hinder the progress of
certain industries and whole nations toward their sustainability objectives. More than
1.3 billion tonnes of food are thrown out worldwide every year, costing the globe an
estimated $1 trillion (Goh and Jie, 2019). According to The Food and Agriculture
Organization (FAO), any edible or healthy substances lost, degraded or wasted along
the supply chain derived from organic waste sources such as households, kitchen and
food processing operation plants are typically considered food waste (Chen et al.,
2017). One of the most common strategies for dealing with food waste is anaerobic
digestion (AD). AD produces biogas, which is a valuable source of energy. However,
intermediate products of AD such as volatile fatty acids (VFAS) are of more market
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appeal and unit value compared to biogas (Wainaina et al., 2020a, Kleerebezem et
al., 2015, L0 et al., 2021). VFAs are carboxylic acids (acetic acid, propionic acid,
butyric acid, valeric acid and caproic acid) containing six or fewer carbon atoms in
their chain. AD-assisted waste-derived VFAs production is considered as a
sustainable platform compared to the currently achieved synthetic route, i.e., fossil-
based sources (Hug et al., 2021, Aydin et al., 2018). VFAs have many industrial
applications from bioplastics and biofuels to cosmetics and pharmaceuticals
(Agnihotri et al., 2022). However, in order to market VFAs acquired from AD, VFASs
should be effectively recovered/separated (collected in pure form) from
microorganism particle-riched mixed effluent and concentrated to favorable levels
(Atasoy et al., 2018, Chen et al., 2021). Regardless of the great interest in the
application of FW in a waste-biorefinery and the complexity involved in waste
generated VFAS separation, purification and concentration from FW digestate, there
is lack of available information in the application of pressure-driven membrane
processes in this regard.

As of today, various approaches have been developed for the treatment of food
industry wastewater and the management of food waste (Shrivastava et al., 2022,
Zan etal., 2022, Yadav et al., 2022). However, some techniques are still hindered by
their continuous limitations, such as low efficiency, complex setup, costly and, most
importantly, environmental unsustainability is a major issue. Therefore, new
technological advancements are required to manage wastewater and resource
recovery from waste effectively. Recent studies have proven that membrane-based
technology, which incorporates a variety of diverse and unique separation processes,
provides a more holistic solution and allows for the treatment of wastewater and
resource recovery owing to their superior efficiency, cost-effectiveness and
operational flexibility without much affecting the water quality and waste substances
(Ashrafetal., 2021, Chowdhury et al., 2021). On the one hand, electrospun nanofiber
membranes have been well recognized for their tailoring properties to capture
organic pollutants from wastewater. On the other hand, the pressure-driven
membrane filtration process (microfiltration, ultrafiltration, nanofiltration and
reverse osmosis) has long been used to recover precious materials from waste
sources. Accordingly, this thesis proposed a novel way to produce clean water
(wastewater treatment) and concentrated VFAS (resource recovery) by using a
membrane-based process to sort out the challenges.
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1.1 Objectives

Wastewater treatment has long been utilized as an essential process in terms of
environmental sustainability, while the resource recovery concept is turned out to be
a valuable aspect in present days. Interestingly, both are crucial domains for
laboratory-scale research and industry. In this thesis, novel membranes (electrospun
nanofiber membranes) are applied to treat food industry wastewater, and pressure-
driven membrane filtration technology is employed for resource recovery, such as
VFAs from food waste. This research scheme was designed based on the research
gaps about nanofiber membranes that are not yet applied for food industry
wastewater treatment and pressure-driven membrane filtration, on the other hand,
process intensification of this technology has rarely been utilized for VFAS recovery
from real food waste sources. Therefore, this thesis aims to fill the gap in the research
area of wastewater treatment and resource recovery in the food industry by
combining sustainable membrane technology and these technologies that could be
applied on an industrial scale to progress for further advanced implications. For this
purpose, the specific research goals can be categorized to investigate:

e Phase A: To explore the use of electrospun nanofibers membrane as a next-
generation membrane to improve the wastewater purification process.

- Study 1: Development of a unique electrospun nanofiber
membrane made of a combination of polyethersulfone and
hydroxypropy! cellulose (PES/HPC) using an environmentally
friendly approach for eliminating methylene blue from an aqueous
solution.

- Study I1: Synthesis of a novel polyethersulfone/polyacrylonitrile
(PES/PAN)-based electrospun nanofibers membrane aiming to
enhance the adsorption capacity of methylene blue.

e Phase B: To study pressure-driven membrane filtration technology as a
sustainable pathway for VFAS recovery.

- Study I: Application of a microfiltration anaerobic membrane
bioreactor and external ultrafiltration unit to intensify the
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processing stage and produce a clear feed solution (concentration
of VFAs and other compounds).

- Study Il: Nanofiltration of actual ultrafiltered VFAs effluent
collected from a semi-continuous microfiltration immersed
membrane bioreactor was employed for improving the yield of
VFA:s.

1.2 Outlines

e Chapter 1 introduces the background of the research topic and briefly
discusses the scope and main objectives.

e Chapter 2 provides an overview of food industry wastewater treatment,
focuses on membrane technologies, identify of electrospun nanofibers
membrane potential for treating food industry wastewater, challenges and
future perspective were also reported.

e Chapter 3 presents a comprehensive state of the art of volatile fatty acids
and their potential in terms of market, recovery methods with a focus on
pressure-driven membrane filtration, describes factors affecting pressure-
driven membrane-assisted recovery of VFAs, including membrane
properties and medium characteristics, and finally, challenges and future
suggestions are highlighted.

e Chapter 4 discusses the details of experimental setups, design of the testing
plan, samples preparation and analytical methods of electrospun nanofiber
membranes and their application towards dye removal.

e Chapter 5 discusses the details of substrates, experimental setups, samples
collection and analytical methods of pressure-driven membrane filtration
and their application toward VVFASs recovery.

e Chapter 6 presents the conclusions drawn from this thesis work and
provides future suggestions for the advancement of this research.
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2. WASTEWATER TREATMENT IN FOOD
INDUSTRY

Increased population growth and urbanization have led to water scarcity around the
world. Literature data show that industrial sectors use 4 trillion cubic meters of water
per annum, while the accessibility of clean water for daily human activities are
estimated at around 0.01 trillion cubic meters (Awange, 2021, Tapera, 2019, Pervez
et al., 2021f, Pervez et al., 2021b, Naddeo and Korshin, 2021). There is an urgent
need to find new clean water supply resources from various sectors such as
rainwater, saline water and wastewater. A considerable amount of industrial
wastewater being directly discharged into the natural environment causes severe
problems for human health and the ecosystem (Pervez et al., 2020e, Jing et al.,
2021b, Naddeo, 2021, Naddeo and Liu, 2020). Therefore, industrial wastewater
treatment would be a feasible solution for overcoming the freshwater shortage and
contributing to our environmental sustainability development.

Food industry has been recognized as one of the major water consumers and
wastewater generators among all industries. Water consumption stages include the
processing of raw material and utility purposes such as washing, heating, and cooling
stages (Walsh et al., 2016, Florke et al., 2013). However, it has been pointed out that
the utility part is the main contributor to large volumes of wastewater generated
annually (Compton et al., 2018). Studies showed that effluents from the food
processing industry contain complex compounds which are difficult to remove (Jing
et al., 2021a, Sakcharoen et al., 2021), hence, requiring efficient treatment
technologies. There are numerous methods that have been applied to treat food
industry wastewater, such as physical-chemical systems (coagulation, filtration,
evaporation, centrifugation and gravity concentration) (Barbera and Gurnari, 2018),
adsorption (Sellaoui et al., 2021), Fenton oxidation (Leifeld et al., 2018, Pervez et
al., 2019b), ozone (Norton and Misiewicz, 2012), microalgae cultivation (Li et al.,
2019b), constructed wetlands (Sehar, 2020), UV disinfection (de Nardi et al., 2011),
plasma (Patange et al., 2018), microbial fuel cells (MFCs) (Cecconet et al., 2018),
etc. However, their high operation cost and the generation of secondary pollutants
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have limited their applications (Valtaetal., 2015, Asgharnejad et al., 2021, Morshed
et al., 2020b).

Recently, there has been a growing interest in developing environmentally friendly,
cost-effective, and efficient treatment systems for the treatment of food industry
wastewater. Membrane processes show great potential owing to their unique
advantages, such as high-quality effluents, less energy required, and easy operation
(Millanar-Marfa et al., 2021). There are various types of membrane operations such
as membrane bioreactors (MBRs), pressure-driven membrane filtration
(microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis
(RQO)), forward osmosis (FO), electrodialysis (ED), membrane contactors and
membrane distillation (MD) (Pervez et al., 2020b). Membranes are fabricated
through several methods, including phase inversion (Ng et al., 2021, Ng et al., 2020),
sintering (Li et al., 2021), track-etching (Molodkina et al., 2012) and wet spinning
(Zhang et al., 2015). However, these processes showed several environmental
concerns, operational costs, and availability.

Meanwhile, it has been discussed in the scientific community that fabrication tuning
strategy has played a vital role in improving the performance of membrane
processes. Electrospinning is a versatile technique for the fabrication of nanofibers
membranes with less than 100 nm (Pervez and Stylios, 2018a, Pervez and Stylios,
2018c¢). Electrospun membranes, generally termed as nanofibers membranes, show
great promise in water treatment applications due to their outstanding features such
as high surface area, mechanical robustness, small pores, porosity, and lightweight
(Pervez et al., 2020f). Several studies were reported in the literature for the
application of electrospun nanofibers in MBRs (Bjorge et al., 2009, Lotfikatouli et
al., 2021), MF (Wang et al., 2012), UF (Dobosz et al., 2017), NF (Shen et al., 2019),
RO (Zhou et al., 2019), ED (Zheng et al., 2020), MD (Deka et al., 2019), membrane
contactors (Kim et al., 2022) and FO (Obaid et al., 2020).

2.1 Characteristics of food industry wastewater

It is known that several types of food processing industries are available due to the
demand for diverse food choices. As a result, each industry produces a significant
amount of organic-rich wastewater effluents. Examples include biological chemical
oxygen (BOD), salts, fats, dyestuff, greases, oils, chemical oxygen demand (COD),
total dissolved solids (TDS), and total suspended solids (TSS). Additional pollutants
may be present depending on the raw materials and processing procedures. Typical
characteristics of food industry wastewater are presented in Table 2.1.
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Table 2.1: Typical characteristics of food industry wastewater (Aderibigbe et al., 2017)

Common parameters Standard volume (mg/L)
Total suspended solids 50

Total nitrogen 10

Total Phosphorus 2
Biochemical oxygen demand 50

Chemical oxygen demand 250

Oil and grease 10

pH 5.5-9.0

Tentative comparison of the different food industry sectors wastewater parameters
could be made by measuring their initial effluent quantity (Table 2.2). For instance,
soybean processing industries generated 7 to 10 tons of wastewater in which various
substances are found, such as amino acids, lipids, organic acids, vitamins, saponin,
mono/oligosaccharides, whey protein, and COD amount remains 10 to 20 g/L (Qiu
et al., 2019). Dairy industry produced wastewater contains high concentration of
solids where 50% are found in the volatile form. The typical concentration of COD
ranges between 2 to 10 g/L, whereas nutrients (phosphorus and nitrogen) were
present in very low concentrations when compared to other industries (Karadag et
al., 2015). Similarly, oil mill industry wastewater effluent contains very low
concentration of nitrogen, while phenolic compounds (long-chain fatty acids and
tannins) are present in high concentrations (Beltran-Heredia et al., 2001). In starch
processing industries, carbon, nitrogen and phosphorus (330:30:1 in molar ratio) are
present in higher concentrations with COD concentration ranges from 6 to 56 g/L
(Chatzipaschali and Stamatis, 2012). Besides, the wastewater effluent collected from
other industries such as meat processing, winery and brewery has the same
characteristics with higher content of mineral compounds (Sroka et al., 2004,
Arantes et al., 2017, de Carvalho et al., 2018). However, direct discharge of food
industrial wastewater effluents into the environment can cause human health
problems through the interface with the microbiological process due to the presence
of refractory organics and their high concentrations, which are not easy to remove
using a typical treatment process (Barrera-Diaz et al., 2006, Chiacchierini et al.,
2004). Thus, it is clear that the wastewater generated by all types of food industries
must be treated via using highly efficient treatment processes.
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Table 2.2: Different types of food industries wastewater characteristics

Sources Main components of Characteristics Ref
wastewater
Dairy Proteins, detergents, BOD= 442 mg/L (Qasim and
lactose, and lipids COD= 8960 mg/L Mane, 2013)
TDS= 253.6 mg/L
pH=7.10
Olive mill Phenols, pectin, sugars, BOD= 4426 mg/L (Benamar et
fats, oil, salts and COD= 55,730-156,000 al., 2020,
carbohydrates mg/L Degermenci
Total phenol = 2439-8300 etal., 2016)
mg/L
pH=5.6
Slaughterhouse Nitrogen, sodium, BOD= 1209 mg/L (Bustillo-
potassium, calcium and COD= 4221 mg/L Lecompte et
fats Total nitrogen= 427 mg/L  al., 2016)
pH=6.95
Fruits Carbohydrates, BOD= 860 mg/L (Puchlik and
minerals, nitrogen. COD= 919 mg/L Struk-
phosphorus and salts Total nitrogen= 40 mg/L Sokotowska,
pH=5.5-7.2 2017)
Seafood Sodium chlorides, BOD= 3250 mg/L (Ahmad et
phosphorus, nitrogen, COD= 13180 mg/L al., 2021)
salts, fats and grease Salts= 2-5% (w/v)
pH=5-7

2.2 Membrane bioreactor

Membrane bioreactor (MBR) processes have proven to be quite effective in the
removal of organic and inorganic contaminants from wastewaters. It has achieved
growing popularity in recent years as a result of stricter environmental regulations
and an increase in water reuse policies. The widespread use of MBR is attributable
to its reliability, scalability, less amount sludge generation, good efficiency,
simplicity of operation, and smaller footprint (Melin et al., 2006). MBRs wastewater
treatment process is accomplished using a combined biological process (organic
pollutant biodegradation) and filtration unit (accountable for the separation of treated
water from solids effluent through the use of a membrane panel). Typically,
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anaerobic membrane bioreactors (AnMBRs) and aerobic membrane bioreactors
(AMBRs) are the two categories of MBRs, which are distinguished by their
arrangements and hydrodynamic regulation of permeate flux (Figure 2.1) (Al-Asheh
et al., 2021). With over 30 years of experience, this technology has provided the
benefits of treating wastewater, as a result, MBRs are preferred over other technigues
for obtaining high quality treated wastewater, such as activated carbon adsorption,
filtration, and coagulation. Meanwhile, compared to conventional MBRs, integration
in MBR with other technologies such as FO-MBR, MBR-RO/NF, advanced
oxidation processes (AOPs)/electrocoagulation-MBR are considered potential
candidates for wastewater treatment (Goswami et al., 2018, Neoh et al., 2016).

Biogas <:3/—_“_\ -

Air supply

1| [
%

Feed solution Treated effluent

OI
00 &

Figure 2.1 Typical representation of anaerobic MBR (AnMBR) and aerobic MBR
(AMBR).

Several studies investigated the effectiveness of MBRs in treating food industries
wastewater. For instance, He et al. (He et al., 2005) have treated food wastewater
with an AnMBR. This study used a higher strength food wastewater since it contains
a high concentration of COD (more than 1000 mg/L) and exhibited a high-efficiency
COD removal rate (81-94%). It was noticed that the volumetric loading rate (VLR)
influences the efficiency through which high COD removals were obtained below
4.5 kg/m?d of VLR (Wang et al., 2005, Galib et al., 2016). Mixed liquor suspended
solid (MLSS) concentration also influences the performance of MBRs during the
treatment of food industry wastewater. Katayon, S., et al. (Katayon et al., 2004)
achieved a higher removal rate of suspended solids (99.2%) and turbidity (99.73%)
at a lower concentration of MLSS. However, some studies have recently introduced
a two-stage AnMBR set-up to enhance food wastewater removal efficiency
regardless of the effect of the operational parameters (Acharya et al., 2006b, Acharya
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et al., 2006a). This two-stage scheme was proposed because of their crucial
advantages such as stability, inhibition reduction of toxic compounds resulted in
higher affinity between particles and membrane surface. A recent report also
demonstrated that a two-stage dynamic AnMBR could be efficient for food
wastewater treatment and found that in all cases, more than 90% of MLSS and total
COD were successfully removed under stable operating conditions (Mahat et al.,
2021). Thus, it can be speculated that the use of designed moduled MBRs operation
may prospect to improve the effluent quality of food industry discharged wastewater.

2.3 Pressure-Driven Membrane Filtration

The pressure-driven membrane filtration processes are now considered the most
multifunctioning and effective technologies for wastewater reclamation, providing a
number of benefits such as easy installation, rapid execution and higher efficiency.
In this process, the feed stream was loaded in the filtration unit equipped with a
membrane panel and required pressure exerted immediately during the operation to
separate into permeate and retentate solution (Van Der Bruggen et al., 2003b). The
rejection behavior of membranes is especially important in this type of operation,
because it is responsible for eliminating large amounts of organic matter,
micropollutants, and dyestuff from raw effluents, which results in high-quality
permeate water for various uses including, soil/fertilizer growth, toilet flushing,
household washing and watering gardens (Hube et al., 2020a).

Membranes are classified into MF, UF, NF and RO (Figure 2.2). In MF, membranes
with larger pores typically have pores with diameters of about 10-0.1 pm and
MWCOs (>100,000 Daltons), thereby it can be effective at removing large
suspended solids, colloids, particles, and some types of bacteria. In this process, the
operating pressure typically ranges from 0.1 to 2 bar. UF membranes with pore sizes
ranging between 0.1 and 0.01 microns and molecular cutoff weight (MWCO) values
ranging between 1000 and 100,000 Da are used. As a result, this process has the
capability to retain larger compounds such as polysaccharides, emulsions, proteins
and colloidal particles. The operating pressure normally ranges from 0.1 to 5 bar. NF
membranes lie between the UF and RO processes where the diameters of those
membranes are 0.01-0.001 um, equivalent to 200-1000 Da MWCO. It is usually
employed to remove small molecular weight molecules (divalent ions, amino acids,
organic acids, glucose and sugars). This is generally carried out at pressure ranges
from 5 to 30 bar. RO is by far the most effective for removing dissolved salts,
inorganic contaminants and chemical substances because of their smaller pore size
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in the range of 0.1-1 nm and MWCO about 100 Da. It needs higher operating
pressure, which typically runs between 20 and 65 bar.
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Figure 2.2 Typical representation of pressure-driven membrane process

Table 2.3. Performance of pressure-driven membrane filtration for food industry
wastewater treatment

Type of Source Characteristics Performance Ref
membrane
filtration
MF Dairy BOD=890 +92 mg/L COD Removal (%) = (Zielinska
wastewater COD= 3536 + 328 89+2 and Galik,
mg/L Color Removal (%) = 2017)
Turbidity= 623 + 140 935
NTU Turbidity  Removal
TSS=1860+220 mg/L (%) =98 +4
pH=7.3+0.3
UF Dairy BOD=890 +92 mg/L COD Removal (%) = (Zielinska
wastewater COD= 3536 + 328 95+1 and Galik,
mg/L Color Removal (%) = 2017)
Turbidity= 623 + 140 97 +6
NTU Turbidity Removal
TSS=1860+220 mg/L (%) =99 +5
pH=7.3+0.3
NF Restaurant BOD= 816.17-1097.25 COD Removal (%) = (Zulaikha
wastewater mg/L 99.4 et al.,
2014)
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COD= 10,356.67— BOD Removal (%) =
16,443.33 mg/L 86.8
Turbidity= 402.67— Turbidity Removal
1208 NTU (%) =99.9
TSS=1860 + 220 mg/L
pH= 4.49-6.15
RO Olive Suspended COD Removal (%) = (Ochando-
wastewater matter= 14-16 mg/L 99.8 Pulido et
COD=  120.5-226.6 al., 2012)
mg/L

Recently, greater emphasis has been made on the application of the pressure-driven
membrane filtration process in food wastewater treatment (Table 2.3) (Ochando-
Pulido and Martinez-Ferez, 2012, Muro et al., 2012). Generally, MF has been shown
to produce particles free solutions from dairy wastewater effluents due to their larger
pore size. It is known that the presence of solid particles may blockage the membrane
pores, which in turn hinder the removal percentages of pollutants from the food
wastewater using membrane filtration. Hence, some studies used ceramic MF
membrane and found that up to 90% of solids particles could be removed from
various food process industrial raw wastewater, accompanying much clear permeate
effluent quality (Hart et al., 1988, Kumar et al., 2016b, Hua et al., 2007). These
studies demonstrated that the MF process could be an effective pretreatment step for
the next membrane filtration process, such as UF. For instance, Zielinska et al.
(Zielinska and Galik, 2017) conducted an experimental study with alone MF, UF,
and combined UF/MF to treat dairy wastewater. Results showed that alone MF could
remove 89+2% COD while using the UF process, the removal efficiency of COD
increased to 95+1%. This is attributed to the sieve retention mechanism, in which
particles are retained on the membrane surface and differences observed based on
MWCO. UF was found to have a higher COD removal ability due to the lower cut-
off value of the UF membrane compared to the MF (Cui et al., 2010).

The observation highlights the importance of MF/UF membranes for the removal of
high-molecular-weight contaminants rather than dissolved ions, whereas NF or RO
would be more appropriate for ion rejection in further stages. The effluent quality
turned out to be standard after being subjected to the NF process followed by the UF
process. Zulaikha et al. (Zulaikha et al., 2014) treated restaurant wastewater effluent
through sequential filtration from UF to NF and obtained similar removal
percentages of COD (97.8%) and turbidity (9.9%). However, a significant reduction
in BODs and conductivity were observed under the NF operation, which indicates
that the incorporation of NF membranes is potentially suitable for the production of
fit-for-purpose water. In contrast to NF, RO has a high selectivity for impurities in
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the water. NF membranes are well-known for their ability to reject almost all
impurities in the water, particularly multivalent ions. The management of food
industry wastewater through the use of RO has been investigated due to its scalability
and stringent water reuse environmental regulations and standards (Ochando-Pulido
et al., 2012). When comparing the removal efficiency between NF and RO, it was
noticed that the maximum COD removal reached values up to 60% for NF while RO
removed more than 95% of COD and multivalent ions, indicating that pore size and
membrane surface charge plays a significant role in purifying effluents (Vourch et
al., 2008, Coskun et al., 2010). However, having set a goal of obtaining high-quality
permeate water, some observations still need to be handled properly. Among these,
factors associated with NF/RO membranes and the pretreatment stage are highly
recommended in RO/NF application. Moreover, when complex chemical
compounds including organic acids, polyphenols, and other substances present in
food industrial wastewater effluents correspond to recovery/concentration, entitled
to maintain a significant benefit in the economic and environmental impact of
effluents in the pressure-driven membrane filtration process (Giacobbo et al., 2017).

2.4 Membrane distillation

MD is a thermally-driven process that uses a hydrophobic membrane to separate feed
and permeate solutions. MD process is operated by the difference in vapour pressure
caused by the temperature variation throughout the membrane surface (Figure 2.3).
The hydrophobic nature of the membrane allows only vapour to pass through,
leaving liquid on the feed side and preventing it from entering the membrane pores
(Alkhudhiri et al., 2012, Alsebaeai and Ahmad, 2020). There are a number of
benefits to the MD process. It can be performed at less pressure and temperatures
than the feed solution boiling point. Due to the pore volume in the microporous
membrane, the MD process demands less vapour space while a traditional distillation
column requires a large vapour space. It allows a very high non-volatile solvent
separating factor and can also be used to concentrate aqueous solutions or to produce
high purity water. It can make use of any level of low waste heat, which can then be
used in conjunction with solar energy, making it a viable option for the supply of
freshwater resources from brackish water in regions where a lack of available water
is severe (Anvari et al., 2020, Drioli et al., 2015).
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Figure 2.3. Representative diagram of membrane distillation process.

Due to these advantages, MD has received significant attention in the treatment of
food industry wastewater. Researchers have developed several types of MD
configurations including direct contact MD (DCMD) which has frequently been used
in treating olive mill wastewater. The use of DCMD in olive mill wastewater
treatment has the potential to recover the phenolic compounds in the concentrate
because it is a non-destructive technigue towards the phenol content (EI-Abbassi et
al., 2012). In DCMD system, El-Abbassi et al. (EI-Abbassi et al., 2013a) used
commercially available flat sheet polytetrafluoroethylene (PTFE) membranes
(TF200, Gelman) having pore size around 0.2 um to treat real olive wastewater in
Morocco. Results showed that no effect was observed on the phenolic content and
anti-oxidant ability when DCMD was applied at 80°C. Notably, it was discovered
that PTFE membranes had a better polyphenols recovery efficiency (99%) than
PVDF membranes (89%) (El-Abbassi et al., 2013a). Nevertheless, DCMD's limit on
permeate flux and flux reduction remain unchanged. However, these challenges may
be overcome by applying an integrated MD system such as osmotic MD (El-Abbassi
et al., 2013b), MF/NF integrated MD system (Garcia-Castello et al., 2010). These
studies showed that pretreatment technologies (MF/NF) play a significant role in
enhancing the treatment efficiency by removing solids particles, resulting in a high
permeate quality effluent.
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2.5 Electrodialysis

ED, a proven technology for water desalination, acid and basic production, can
reduce toxicity and separate ionic and non-ionic species from the industrial effluents
under the influence of applied electric potential. In principle, the conventional ED
(CED) structure consists of alternating arrangements between anode and cathode,
with multiple cation exchange membrane (CCEM) and anion exchange membranes
(AEM) (Figure 2.4). Anions can pass through anion membranes (AEM), however
they cannot pass through membranes for cation exchange (CEM). Cations can
likewise pass through a CEM and not an AEM (Luiz et al., 2017). In addition, a
unique form of membrane called a bipolar is used in an ED field. Bipolar membranes
are composed of cation laminate and layer of anion exchange (Huang and Xu,
2006a). These membranes, when using an electrical potential, ensure that electric
charge is transported via protons and water splitting hydroxyl ions. The ED process
shows a greater rate of water recovery, reduced operating cost, easier operation and
membrane stability compared to RO. Therefore, the use of ED has piqued the
scientific community's interest as economic and efficient technology (Al-Amshawee
et al., 2020).

ED offers the food industry three distinct advantages: better food safety, increased
economic competitiveness, and increased environmental friendliness. The most
application of ED in the food industry covers extracting some resourceful materials
from the effluents instead of only purifying the effluents. However, a few studies are
focused on particular food industry wastewater treatment through the use of ED
technology. In general, food wastewater contains a large amount of organic matter
that is not easy to remove by applying conventional technologies. In this context,
Valero et al. (Valero et al., 2015) used a laboratory-scale ED and performed a series
of experiments in order to reduce the organic matter and conductivity simultaneously
from real almond industry wastewater. Initial and final TOC analysis of the dilute
and concentrate confirmed the movement of organic anions over the membrane. For
instance, the TOC dilute solution drops from 272 to 93 mg/L, whereas for the
concentrate, TOC increased from 12 to 268 mg/L, which indicates that the most
organic material is transmitted through the membrane and the solution of dilution
decreases both its conductivity and organic content. Besides, ED has also effectively
reduced COD (85-90%) and acids and bases regeneration from salts riched food
industrial effluents (Hestekin et al., 2010).
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Figure 2.4 Conventional electrodialysis set up for wastewater treatment

2.6 Forward osmosis

FO is an emerging water treatment membrane-based technology, which has been
widely explored in the last few decades both from academic and industrial
perspectives. FO is a process by which water passes from the feed solution to the
drawing solution due to osmotic pressure difference (from low to high) over a semi-
permeable FO membrane, as a result this process does not require physical/hydraulic
pressure during the operation. During the osmotic process, when the feed solution
and draw solution reach equilibrium, water permeation is observed from the feed
solution to the draw solution through the FO membrane (Figure 2.5). Because of this,
the draw solution is dilute and the feed solution is concentrated throughout the
procedure (Chung et al., 2012, Francis et al., 2020). The advantages of FO have been
stated in the comparison to reverse osmosis (RO) processes to include fewer
membrane fouling and improved energy efficiency (Zamani et al., 2015).
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Figure 2.5 Schematic diagram of Forward osmosis (FO) process

FO membrane process is capable of removing nearly all of the dissolved ions and
suspended particles in a solution. The massive reductions of solids reduced power
consumption by half of the succeeding low-pressure FO process. Previously, food
wastewater from different sources has been treated with FO process. For instance,
Gebreyohannes et al. (Gebreyohannes et al., 2015) applied a single-step FO process
to treat olive mill wastewater effluent. The FO treatment resulted in nearly complete
decolorization, ion retention, and TOC and TIC rejection rates of 96% and 99%,
respectively. In addition, total phenolic rejection was found to be greater than 98%
in dried residue from FO streams. In parallel, the general applicability of the FO
process in treating dairy and sugarcane molasses distillery wastewater effluents were
also examined (Haupt and Lerch, 2018, Singh et al., 2019). The obtained results
showed that 80-90% of COD has ultimately been rejected upon the use of FO. FO
process is apparently shown to show potential in treating food wastewater, however,
many researchers suggested that the standalone FO process is facing some challenges
such as lower efficiency, less attractiveness and economic unstable. Hence, FO
integrated with other competitive membrane operations such as nanofiltration,
reverse osmosis, membrane distillation, and electrodialysis would be a suitable
process intensification candidate by enhancing their overall performance towards the
food industry wastewater purification.

2.7 Electrospun nanofiber membranes

The latest generation of membranes is known as electrospun nanofiber membranes
(diameter usually less than 100 nm) and have the potential to offer an advancement
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in the treatment of water and wastewater. In electrospinning, the electrostatic forces
help create thinner fibers whereby a high voltage is delivered to a syringe containing
polymer solution or melt that assist in collecting the fibers on the ground plate
(Talukder et al., 2021d, Talukder et al., 2021b). The produced nanofiber membrane
has a significant water permeability and flexibility, as well as high porosity, a large
surface area to volume ratio, and high water absorption. Many different features can
affect the electrospun nanofibers. The properties of polymers, solutions, and
processes are typically categorized into three classes. The characteristics of polymers
include the type of polymer used, its molecular weight, and the distribution of its
molecular weight. The solution attributes include the type of solvent used, the rate
at which the solvent evaporates, as well as the viscosity, concentration and surface
tension of the solution. The parameters of the process include flow rate, voltage
applied, nozzle tip-to-collector distance, room temperature, and relative humidity
(Figure 2.6).

However, developing a feasible electrospinning technology capable of producing
homogeneous nanofibers membranes on a wide scale remains a major issue. In this
context, several scaled-up technologies have been performed in recent years. For
example, Chen et al. (Chen et al., 2020) reported a continuous antibacterial
electrospinning nanofibers membrane through the use of a roll-to-roll scale-up post
functionalization approach. Besides, the process's capacity to scale and the technical
difficulties that have been investigated to far show that free-surface technologies
have great production volume up-scaling potentialities. Centrifugal electrospinning,
on the other hand, has been shown to be capable of producing nanofibers with
diameters as small as 100 nm. Co-axial and multi-axial technologies, on the other
hand, can achieve greater material and processing flexibility and, as a result, more
diverse functionalities in the resulting nanofibers. These technologies also allow for
scale-up when multi-needle approaches are combined with appropriate techniques in
order to deal with multi-jet instabilities (Persano et al., 2013). In addition, several
companies such as Inovenso (www.inovenso.com), Mecc Co. (www.mecc.co.jp), E-
Spin Nanotech (www.espinnanotech.com) and Elmarco (www.elmarco.com) have
been started to produce large scale electrospun nanofiber membranes, which is
effective in terms of up-scaling trend. Notably, the mass-production scale of
continuous nanofiber membranes will also be potentially realizable for treating high
strength food wastewater effluents.
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Figure 2.6 Electrospinning process for nanofiber membrane preparation and their
uses in dyes removal.

The applications of electrospun nanofiber membranes are rarely utilized for the
treatment of real food industry wastewater effluent. On the other hand, mostly
applied in removing toxic dyes from aqueous effluent, which is also negotiable since
real food industrial effluent contains this substance with a large amount. Particularly,
methylene blue (MB) is a popular azo dye with a cationic nature and a good
candidate for use in textile, paper, leather, cosmetics, plastics and rubber industries.
Moreover, it is also used in food processing equipment preparation such as cutlery,
roasters, paper plates, food packaging and food additives. However, this kind of
color might be seen as a pollutant due to its adverse effects. It causes eye burns that
may result in irreversible eye damage to people and animals. People with lung
problems may suffer from intense palpitations or wheezing after breathing in certain
substances. While consuming orally causes a hot feeling, nausea, vomiting, heavy
sweating, mental confusion, and methemoglobinemia. Thus, it is worth investigating
to purify MB-contained food industry wastewater effluent.

Adsorptive removal of MB through the use of electrospun nanofiber membrane has
been widely investigated in recent years (Table 2.4). Adsorption refers to the process
by which molecules are transferred from one fluid bulk to another on a solid surface.
This might happen as a result of chemical bonding interactions (chemical sorption)
and physical forces (physical sorption) (Hossain et al., 2021a). Compared to other
techniques, adsorption has been proven to be superior in terms of flexibility, ease of
operation, cost-effectiveness and insensitivity to harmful contaminants. In the
adsorption process, the adsorbent should have a high specific_surface area and
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porosity, in this case, electrospun nanofiber membrane-based adsorbents exhibit
high efficiency of dyes removal over conventional phase inversion membranes
because of their high specific surface area and linked porosity. For example, Wang
et al. (Wang et al., 2019a) prepared sodium alginate-based water-insoluble
electrospun nanofiber membrane and cross-linked it with trifluoroacetic acid (TFA),
glutaraldehyde vapor (GA) and calcium chloride (CaCly) towards MB removal. It
was noticed that CaCl; cross-linked nanofiber showed a maximum MB adsorption
capacity of 2230 mg/g, which is attributed to the high specific surface area of the
membrane obtained by the cross-linking approach. In another study, Zhao et al.
(Zhao et al., 2015b) developed thermal cross-linked B-cyclodextrin-based nanofibers
and obtained a maximum adsorption capacity of MB with an amount of 826.45 mg/g,
which was higher than pure B-cyclodextrin adsorbent (105 mg/g). The existence of
—COOH groups in the membrane surface influence the adsorption performances.
The surface functionalization method has been played a vital role in improving the
removal capacity of MB using the electrospun nanofiber membrane. Incorporating
functional groups onto the electrospun nanofiber membrane surface provided a
substantial amount of active binding sites for MB adsorption. For example, the
adsorption capacity of oxidized carbon nanofibers membrane was higher (MB,
168 mg/g) compared to the pristine carbon nanofibers membrane (MB, 48.8 mg/qg)
because of the electrostatic interactions that occurred between the electrospun
nanofibers membranes (Thamer et al., 2019). Besides, plasma etching has been
revealed as a green surface functionalization technology and promoted the
adsorption performance of electrospun nanofibers membranes. Bai et al. (Bai et al.,
2018) fabricated air plasma-assisted PLLA nanofibrous membranes and showed that
electrostatic interaction was mainly responsible for the high adsorption of MB. They
suggested that other electrospun nanofibers membranes could be used for further
development, and plasma operations should be optimized.

The fabrication of metal-doped electrospun nanofibers membrane is now potentially
be considered as a robust tool for the development of nanofibers-based
heterogeneous catalysts towards MB degradation. This can be done by following
either pre or post-modification strategy. For example, Shalan et al. (Shalan et al.,
2021) prepared Ag/Fe co-doped cellulose acetate electrospun nanofiber using a pre-
modification approach and degraded MB (more than 95%) via photocatalysis
reaction. The degradation process of MB was carried out within a very short time
(50 min) and exhibited good reusability capacity up to 5 cycles. Besides, the
composite doped membrane showed outstanding mechanical properties. On the
other, Cheng et al. (Cheng et al., 2020) used a post-surface-modified electrospun
nanofiber membrane whereby they first prepared a cellulose acetate nanofiber
membrane and deacetylated it through NaOH solution. Next, the deacetylated
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membrane was coated with polydopamine (PDA) and immediately applied for MB
removal. Results suggest that the deprotonation of the phenol group from the PDA
presented a negative charge and effectively captured positively charged MB due to
the electrostatic interactions force. Overall, it implies that modulation of design and
fabrication strategy could be a possible perspective way to improve the performance
of electrospun nanofibers membranes towards wastewater treatment.

Table 2.4 Applications of electrospun nanofiber membranes in MB removal.

Membrane Membrane Operational Adsorption Ref.
materials characteristics  conditions capacity, Qe,
max (mg/g)

Sodium alginate Fiber diameter = Initial MB 2230 (Wang et al.,
(SA), poly (ethylene 150 nm, surface conc. = 200 to 2019a)
oxide) (PEO) area=13.97 m?g 1500 mg/L, V =

50 mL, pH =6,

Adsorbent

weight = 20 mg
B-cyclodextrin, Fiber diameter = Initial MB 826.45 (Zhao et al.,
poly(acrylic  acid) 20.56 nm, conc. = 40 2015b)
(PAA) surface area = mg/L, V = 80

34.88 m?g mL, pH = 9,

Adsorbent

weight = 6 mg

Plasma etched poly(l- Fiber diameter = Initial MB conc. 8.73 (Bai etal.,
lactic acid) (PLLA) N/A, surface =4mg/L,V = 2018)

area = 22.84 3mL, pH=
m2/g N/A, Adsorbent
weight = 10 mg

Poly (vinyl alcohol)  Fiber diameter = Initial MB conc. 400 (Moradi et

(PVA)/starch 350-450, surface =250 mg/L, V al., 2019)
area =45.61 =60 mL, pH =
m2/g 8.5, Adsorbent
weight =5 mg

Polyacrylonitrile Fiber diameter = Initial MB conc. 72.46 (Ibupoto et
(PAN) 250-300, surface =25 mg/L,V = al., 2018)

area = N/A 10 mL, pH =
10, Adsorbent
weight =7 mg

Hydroxypropyl-B-  Fiber diameter = Initial MB conc. 46 (Dogan et al.,
cyclodextrin N/A, surface =10-100 mg/L, 2019)
(HPBCD) and area = N/A V=5mL, pH
benzoxazine = N/A,
monomer (BA-a) Adsorbent

weight = 5 mg
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Sericin/- Fiber diameter = Initial MB conc. 187 (Zhao et al.,
cyclodextrin/poly N/A, surface =20mg/L, V = 2015a)
(vinyl alcohol) area = N/A 80 mL, pH =8,

Adsorbent
weight = 14 mg

Poly-L-lactic acid Fiber diameter = Initial MB conc. 239 (Mohammad
(pLLA), polyaniline 518 nm, surface =250 mg/L, V and Atassi,
(PANI) area=7.0+04 =10mL,pH= 2020b)

6, Adsorbent
weight = 10 mg

Polyacrylonitrile Fiber diameter = Initial MB conc. 398 (Mohammad
(PAN), polyaniline 418 nm, surface =250 mg/L, and Atassi,
(PANI) area=10.0£0.3 V=10mL, pH 2020b)

= 6, Adsorbent
weight = 10 mg

Polyacrylonitrile Fiber diameter = Initial MB conc. 42 (Haider et al.,
(PAN) 225 nm, surface =400 mg/L, V 2015b)

area = N/A =10 mL,pH=
N/A, Adsorbent
weight = 10 mg

Ethylenediamine Fiber diameter = Initial MB conc. 94 (Haider et al.,
(EDA)-grafted 230 nm, surface =400 mg/L, V 2015b)
polyacrylonitrile area = N/A =10mL, pH =
(PAN) N/A, Adsorbent

weight = 10 mg

Oxime grafted Fiber diameter = Initial MB conc. 102 (Haider et al.,
polyacrylonitrile 231 nm, surface =400 mg/L, V 2014)
(OX-g-PAN) area = N/A =10mL,pH=

6, Adsorbent
weight = 10 mg

Cellulose acetate Fiber diameter = Initial MB conc. 45 (Alietal.,
(CA) 7524311 nm, =30mg/L,V = 2019)

surface area = 100 mL, pH =
N/A 8, Adsorbent
weight = 80 mg

Cellulose acetate Fiber diameter = Initial MB conc. 49 (Alietal.,
(CA)/ polyaniline/ 1085325 nm, =30mg/L,V = 2019)

B-cyclodextrin surface area = 100 mL, pH =
(PANI/B-CD) N/A 8, Adsorbent

weight = 80 mg

2.8 Membrane fouling

Membrane fouling is by far the most important phenomenon limiting the extended
application of membrane separation processing in different industries. The
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occurrence of membrane fouling is due to membrane pore narrowing, pore blockage,
and cake layer formation on membrane surface due to the interaction of microbial
metabolites, organic and inorganic substances, and microorganisms with the
membrane surface (Guo et al., 2012). Membrane fouling can be irreversible or
reversible fouling based on the extent or fouling and the possibility to regenerate the
membrane by different membrane cleaning approaches. Irreversible and reversible
fouling issues are partly cured by chemical and physical cleaning strategies,
respectively (Wang et al., 2014b). For example, NF and reverse osmosis membranes
are prepared from dense materials, are more susceptible to fouling, while, porous
MF and UF membranes can be rather easily physically cleaned by backwashing,
aeration or chemically cleaned with acid and/or base (Shirazi et al., 2010). Lately,
electrospun nanofiber membranes face also fouling issues such as irreversible,
reversible and biofouling. Several factors such as membrane properties, feed
characteristics, operation conditions, and various foulants led to a complex fouling
formation phenomenon (T. M et al., 2021a). Membrane fouling lowers membrane
permeate flux and therefore limits the removal efficiency of pollutants during the
processes. Membrane fouling mainly occurred by organic compounds and
macromolecules like pectins, starch, glucose and other substances in food industrial
wastewater effluents. The literature shows that food industrial wastewater effluents
is often related to irreversible and reversible fouling phenomena, especially
reversible fouling is the dominant in the potato processing wastewater treatment
plant, as reported by Bouchareb et al. (Bouchareb et al., 2021). Usually, this could
be managed by chemical cleaning and backwashing method, and pre-treatment stage
possible be a sustainable solution. However, there is still a lack of understanding
regarding the relationship between removal efficiency and fouling issues in food
industrial wastewater effluents.
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Globally an enormous amount of waste is generated on daily basis posing a serious
threat to the stability socio-economic, environmental and health systems (Nizami et
al., 2017). A considerable portion of these wastes is composed of organic compounds
rich in nutrients which are conducive to be recovered in order to replace virgin
resources. Therefore, in recent years, the scientific and industrial communities have
shown great interest in different nutrient recovery approaches complying with the
principles of a circular economy to build sustainable societies by turning waste into
value-added products (Skaggs et al., 2018).

One of the established proficient nutrient recovery and waste remediation pathways
is the anaerobic digestion (AD) process that has long been used for biogas and
fertilizer production via microbial conversion of organic residues (Xu et al., 20183,
Wainaina et al., 2020c). Recent research has demonstrated that compounds of higher
value and application diversity such as volatile fatty acids (VFASs), intermediate
products of anaerobic digestion, could be accumulated and recovered as final
products of AD rather than biogas. This is the basis of a potential platform for
developing environment friendly and renewable biobased chemical precursors from
waste rather than fossil sources (Chen et al., 2013). As an example, Liu et al. (Liu et
al., 2018) have reported that there is nearly 3-times higher net profit in VFAs (9.12
USD/m?®) production from sewdge sludge than biogas (3.71 USD/m?). VFAs are
short-chain saturated carboxylic acids containing six or fewer carbon atoms such as
acetic, propionic and butyric acids. Other than fossil-based routes, VFAS can be
produced in the midst of the anaerobic digestion process (acidogenesis and
acetogenesis) using a wide range of municipal and industrial by-products, residuals
and waste streams rich in organics such as food waste, agricultural residues, swedge
sludge, microalgae etc. (Figure 3.1a) (Wainaina et al., 2019a, Parchami et al.,
2020b). VFAs are considered as very important chemical compounds for the
synthesis of olefins, esters, alcohols and aldehydes. Besides, VFAS can be applied in
many research areas and industrial sectors such as bioenergy production, bioplastic
synthesis, microbial fuel cells, textiles, food, cosmetics, pharmaceutical industries
and as a potential carbon source for biological nutrient removal in wastewater
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treatment plants (Mengmeng et al., 2009, Uyar et al., 2009, Bhatia and Yang, 2017,
Zheng et al., 2010, Luo et al., 2019). Following these commercial applications
clearly demonstrates the high market value and need for VFAs now and in the future
(Figure 3.1b).

(a) Organic-rich waste
77777777777 ¥" Conventionally,
! Hydrolysis VFAs are
= e produced from
Smaller compounds petroleum
(fatty acids, amino acids and monosaccharides) resources, which
pmmmmemm - -5 rrmomoooeee- are not
| Acidogenesis | \  Acetogenesis sustainable
Volatile fatty acids (VFAs) Future prospect | v Anaerobic
(Acetic acid, Butyric acid, Propionic acid, Caproic acid, Valeric acid) digested VFAs
are more
* sustainable and
effective
Biogas v' High value
(CH, and CO,) added products
than biogas

Volatile fatty acids (VFASs)

1) I = e = A S

Acetic acid Butyric acid Propionicacid Valeric acid Caproic acid
(Mw: 60 g/mol) (Mw: 88 g/mol) (Mw: 74 g/mol) (Mw: 102 g/mol) (Mw: 116 g/mol)
Market size 14,000-17,000 90-105 350- 470 10-12 25-26
(kton/year)
Market price 400- 800 1,500-1,650 2,000-2,500 2,200-2,300 1,900-2,100
(€/ton)
Application Textile Food additive Food preservation Food additive Paint additives
Food additive Textile Herbiside synthesis  Lubricants Plant growthier
Cosmetic industry Pharmaceutical Perfume Plasticizer Pharmaceutical
intermidiate
Vinyl acetate Flavouring agent Pharmaceutical Flavouring agent Flavouring agent
monomer

Figure 3.1 (a) Production pathway of VFAs (Wainaina et al., 2019c) and (b) Application
of VFAs with their market feasibility (Atasoy et al., 2018).

Although, waste-based sources are one of the feasible platforms nowadays to achieve
VFAs, it should be realized that anaerobically digested waste effluent is an
unpurified complex mixture of VFAs, microorganisms, salts, proteins, lipids etc. that
limit the application of the obtained solution as a purified VFA source. Moreover, in
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most cases, the high water content of the AD effluent results in a dilute VFAs
solution (Zhang and Angelidaki, 2015, Battista et al., 2020, Da Ros et al., 2020b).
Besides, acid accumulation in anaerobic fermentation tends to inhibit the further
production of VFAs, which means that the VFAs produced should be separated in
real time (Yuan et al., 2019). In general, extraction of VFAs at high rate and yield
from these mix liquid effluent is a challenging task. These obstacles can be tackled
either through enhancement in productivity, product yield and concentration by
fermentation and upstream optimizations or the application of practical and efficient
separation and concentration processes (Masse et al., 2008).

The downstream or as called “post effluent treatment” for VFA recovery has gained
substantial attention recently. Till present, several techniques such as adsorption
(Reyhanitash et al., 2017), distillation and evaporation (Horiuchi et al., 2002),
extraction (Katikaneni and Cheryan, 2002), electrodialysis (Strathmann, 2010) and
pressure-driven membrane processes (Zacharof and Lovitt, 2012) have been
implemented for VFAs recovery. Among them, membrane-based purification
processes including microfiltration, ultrafiltration, nanofiltration, reverse osmosis
and forward osmosis are regularly used to recover, purify and concentrate VFAS
from mixed solutions. Membrane filtration offers many benefits such as the ease of
customization and scalability, the possibility to apply for different effluents, low
energy demand, minimal phase change during separation, separation specificity etc.
Moreover, membrane separation technology can be integrated into any stage from
fermentation to polishing the final product. The AD can be performed using
anaerobic membrane bioreactors (AnMBRs) using pressure-driven membrane
modules in order to produce microorganism and particle free VFAs-rich permeates
(Trad et al., 2015, Wainaina et al., 2019c). Following that, ultrafiltration can be used
to remove macromolecules such as lipids and proteins (e.g. enzymes) from the
effluent, and nanofiltration and reverse osmosis can be employed to remove
monovalent and divalent salts, and excess water (Song et al., 2018, Van der Bruggen
etal., 2003a). However, membrane fouling and cleaning have always been the major
hurdle in the industrial scale application of membrane separation processes.

In order to have a functional cascade of integrated membrane separation processes
that assist optimal recovery, purification and concentration of VFAs from waste-
derived AD effluents, it is of great importance to have a thorough knowledge of the
factors affecting filtration operations. In order to guarantee long-term application of
a pressure-driven membrane filtration system aimed at VFAs separation from
complex media the effect of parameters such as membrane material, pore size,
charge, hydrophilicity/phobicity, operating temperature, separation driving force
(pressure, concentration and electrical potential), and effect of medium
characteristics such as medium pH, solid content, EPS and SMP content and medium
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viscosity should be clearly understood and defined (Odey et al., 2019, Rajabzadeh
et al., 2012, Masse et al., 2010, Zhou et al., 2013a). However, to the knowledge of
the authors, there are limited reports specifically on the factors influencing VFASs
recovery from AD effluents. Till now, different techniques have been applied in
VFAs recovery and purification, whereby a comprehensive analysis of the effect of
determining factors involved in the membrane filtration of AD effluents for VFAs
recovery is required to investigate.

3.1 Adsorption

Adsorption has been employed to capture the protonated form of diluted VFASs
(neutral) from complex aqueous solutions. Usually, this process occurs through the
interaction between a solid adsorbent surface (resin, activated carbon etc.) and
adsorbate (VFAs molecules etc.) (Tung and King, 1994). In a recent study, Tonucci
et al. (Tonucci et al., 2020) synthesized hybrid imprinted polymer-based adsorbent
and tested it for the adsorption of VFAs from anaerobic effluents. Results showed
that maximum VFAs adsorption capacity of Q. ~ 50 mg/g (Qe is the amount of VFAs
adsorbed) was obtained and efficiently regenerated after the selective adsorption
process. In this regard, the adsorbent's surface structure plays a critical role for the
uptake of VFAs. The basic groups of adsorbent surfaces (alkaline surfaces) have
more affinity to carboxylic acids because of the acid-base interactions but opposite
results were achieved for acidic groups (El-Sayed and Bandosz, 2004). Therefore,
several different types of materials, such as ion exchange resins and activated carbon,
have been used for the adsorption of VFAs (Fufachev et al., 2020, Talebi et al.,
2020).

lon exchange materials could be applied together with the adsorption process in
order to facilitate the recovery process whereby making a strong bond between the
functional group of the ion exchange material and the ionized acid (L6pez-Garzon
and Straathof, 2014, Garcia and King, 1989). Among them, ion exchange resins have
been using frequently due to their high surface area and the macroporous surface
where the functional groups are mainly located. This could assist the diffusion
mechanism during the adsorption process which is connected to the mass transfer
characteristics scenario. In general, the adsorption process is regulated by the
diffusion rate and the corresponding resin surface can act as supporting material
(Kawabata et al., 1981, Fargues et al., 2010). The rate of diffusion is mainly
controlled by three scenarios such as adsorption of VFAs molecules on the surface,
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penetration of VFAs molecules in the surface and diffusion through the resin surface
(Anderson et al., 1968, Smithells et al., 1936).

Anasthas et al. (Anasthas and Gaikar, 2001) used quaternary amino functional
groups based ion exchange resin for the adsorption of acetic acid in non-aqueous
phases. The sorption process interacted through the H-bonded complex formation
between the functional group of resin and proton molecule of acid with the
adsorption isotherm data being well fitted to the Langmuir model. Reyhanitash et al.
(Reyhanitash et al., 2017) recovered VFAs from the fermented artificial wastewater
by employing four types of resin-based adsorbents, which can be categorized as
follows primary, secondary, tertiary amine-functionalized, and nonfunctionalized
structured polystyrene-divinylbenzene resins. Initially, they conducted a batch
adsorbent screening tests and found that non-functionalized adsorbent endows better
adsorption capacity, while the functionalized adsorbents showed higher affinity to
mineral acids. Later, they investigated a column test in the presence of non-
functionalized adsorbent to determine the concentration profile of VFAs. Total
recovery profile of butyric acid was enhanced ranging from 0.25 wt% to 91 wt%
evaporated through a temperature-based fractionation of VFAs molecules. In the
case of regeneration performance, nonfunctionalized adsorbent could be stable up to
four adsorption—desorption cycles, which are of economic importance when large
scale VFAS recovery using the adsorption process is targeted (Figure 3.2).
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Figure 3.2 VFASs recovery by adsorption process (Reyhanitash et al., 2017).
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Rebecchi et al. (Rebecchi et al., 2016) explored the VFASs recovery efficiency from
an actual VFAs-rich effluent using ion exchange resins based adsorbents. Four
different resins were used for the adsorption experimental purposes including
primary amine, tertiary amine and quaternary amine. Results showed that tertiary
amine (Ambelyst A21) resin prevails adsorption capacity from grape pomace
effluent (76%) and synthetic VFAs mixtures (85%), respectively, and interestingly
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this resin has a lower price compared to others. The adsorption capacity of Ambelyst
A21 resin was also successfully investigated in previous studies (Lopez-Garzén and
Straathof, 2014, Li et al., 2009, Fargues et al., 2010). The desorption results were
carried out with ethanol and NaOH solvents evaporation technique and ultimately
around 97% of the VFAs were recovered on the desorbed surface. This work
indicated that the Amberlyst A21 resin could be used for further VFAs adsorption
studies from anaerobically digested effluent in an innovative approach.

In a comparative study considering activated carbon and resins for the adsorption of
VFAs, the resin demonstrated a superior mixed acid adsorption capacity (74%) over
activated carbon (63%) (Da Silva and Miranda, 2013, Yousuf et al., 2016, Uslu et
al., 2010). The reason can be explained that the hydrophobic nature of the resin
Amberlite IRA-67, attracts more acids under the pKa value of the acids, which makes
them better adsorbent than activated carbon (Nielsen et al., 2010). Similarly,
Eregowda et al. (Eregowda et al., 2020) conducted VFAs adsorption experiment in
a batch system through anion exchange resins and compared it with that of activated
carbon. This study utilized 11 anion exchange resins. Results showed that Amberlite
IRA-67 adsorption capacity was fitted by the Freundlich model, which means the
adsorption process is related to multilayer adsorption. , On the other hand, both the
Langmuir and Freundlich model fitted the Dowex Optipore L-493 adsorption,
resulting in a monolayer and multilayer related adsorption process, respectively
(Saadi et al., 2015) These studies indicate that the resin-based adsorbents are
preferential for VFASs adsorption purposes.

Although the adsorption process has been considered as an efficient technique for
the recovery of VFAS, cost associated with the adsorption process are considerable
when commercial adsorbents are needed to be recycled or regenerated (Bélafi-Bako
et al., 2004). Additionally, the presence of competing ions such as phosphate, sulfate
and chloride are responsible for poor adsorption efficiency in VFA solutions
resulting from the fermentation of complex organic wastes.

3.2 Distillation

Distillation is a fundamental physical separation and purification process of the
components or substances from a liquid mixture. This process occurs when a liquid
sample is evaporated using various boiling points and turned into a condenser
through a distilled column to capture the produced vapors. Usually, the components
or substances may be fully or partially separated and purified from the mixture (Lei
et al., 2003, Qi et al., 2019). The distillation technique has been used commonly to

31



Chapter 3

separate VFAs from various media (Demiral and Ercengiz Yildirim, 2003, Petersen
et al., 2018). Regarding the application of distillation for VFA recovery, it is
recommended to use distillation for the separation of VFAs from low concentration
effluents as the efficiency of the VFAs separation deteriorates as highly concentrated
VFA solutions reach the azeotropic point (Huang et al., 2008). For VFAs, the boiling
point is considerably higher than water due to the fact that the structure of VFAS
contains electrophile such as carbonyl groups (Reyhanitash et al., 2019). Various
distillation approaches have been implemented to recover VFAs. Demiral et al.
(Demiral and Ercengiz Yildirim, 2003) used the extractive distillation process for
VFASs recovery from waste streams. They employed two solvents (adiponitrile and
sulfolane) with a higher boiling point as the distillation process requires solvent-
based substances to become more effective. So far, reactive distillation approach has
identified as a promising technique for acid recovery (Painer et al., 2015, Komesu et
al., 2015, Gangadwala et al., 2008). In this regard, Singh et al. (Singh et al., 2006,
Singh et al., 2007) studied the effect of various parameters on acetic acid recovery
reaching an experimental recovery of 80%. Regarding reactive distillation, Saha et
al. (Saha et al., 2000) suggested that the recovery efficiency of acetic acid could be
even further enhanced in the presence of an esterification distillation column. Butyric
acid has reported being successfully recovered up to 89% through an ionic liquid
induce short-path distillation process. This process effectively removed all the salt
content resulting in the final product being mainly acids (Blahusiak et al., 2012).
Generally, the distillation process requires two steps: the effluent stream dewatering
and organic acid concentration. However, as the final polishing step, the remaining
acid may be recovered by evaporation (Wasewar et al., 2002). Literature shows that
the distillation based purification can open new processing possibilities for VFAs
recovery. This process also has some disadvantages, like water is the main
component of the fermentation broth with less boiling point than VFAs components,
requiring a higher amount of energy, which is not economical. In addition, the
concentration step is also time-consuming in the distillation process.

3.3 Precipitation

Precipitation is a conventional method that is usually applied to separate compounds
from a mixture. Among them, the calcium-based precipitation process is commonly
used to recover VFAs and four steps are required to obtain the final product
including, a certain amount of Ca(OH), or CaCOs added to the filtered liquid of
fermentation broth under mixing conditions, then, calcium salts of VFAs have
filtered away from the original aqueous liquid and exposed to H.SOs in order to
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release the desired amount of VFAs and finally purification added for obtaining a
pure form of VFAs components (Min et al., 2011). Although environmental issues
accompany the calcium precipitation process, the processing costs are higher since
a large amount of H,SO4 and lime needed during the operation eventually increased
the production budget (Wasewar et al., 2003). Followingly, King et al. (King and
Starr, 1992) conducted a three-step process including extraction by solid solvent,
dewatering to precipitate the acids and the collection of the acid conversion products
in order to remove VFAs from water. VFASs can also be separated by using ammonia-
based titration precipitating agents (Berglund et al., 1999). Moreover, the production
of unwanted byproduct such as solid waste of calcium sulphate during the
precipitation process has also hindered its application (Zacharof and Lovitt, 2013b).

3.4 Esterification

Another widely used VFAs recovery method is esterification. The benefits of
esterification have been harvested in applications such as biodiesel production,
VFA-ester compounds for fragrance and scents industry, and production of
ammonium sulphate as fertilizer (Placido and Zhang, 2018, Katikaneni and Cheryan,
2002, Ishihara, 2009). The esterification process produces ester products using an
equilibrium reaction between two reactants, such as alcohols and acids. This process
generally occurs in the presence of an acid catalyst and heat. Recovery of carboxylic
acids using the esterification process has long been a popular method. Neumann et
al. (Neumann and Sasson, 1984) used methanol esterification method for the
recovery of dilute acetic acid as methyl acetate in a chemorectificatlon column with
an organic solid polymer catalyst. The reaction process was kinetically fitted with
second-order for acetic acid and zero-order for methanol. One study showed that the
addition of salt (CaCl,) promoted the reaction yield when the polystyrene-supported
solid acid catalyst was used under ethanol esterification (Yagyu et al., 2013).
Accordingly, it was found that diarylammonium salt could catalyze the direct
esterification process, which helps suppress solubility in water due to its
hydrophobic nature and facilitates acetic acid recovery. Moreover, the esterification
process occurred in a flow reaction system that can be pertinent to the industrial-
scale operation (lgarashi et al., 2012). On the other hand, Bianchi et al. (Bianchi et
al., 2003) implemented two types of experimental protocols for acetic acid
esterification with alcohol: a complete evaporation condensations reaction and
distillation. They have reported that the latter method was most favourable for a high
amount of acetic acid recovery. Recovery of acetic acid by methyl esters
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esterification from the real anaerobic fermentation broth was examined by Placido
etal. (Placido and Zhang, 2018) and stated that 50% of acetic acid could be recovered
with a VFA concentration of 800 gVFA/L while less than 10% observed at 500
gVFAJ/L. Besides, they noticed that ammonium sulphate salt was produced as a
byproduct due to acidification of the fermentation broth that influenced plants
economic growth. However, the downside is that esterification can be inhibited in
the presence of a large amount of water. The adjustment of pH also can affect
esterification potential as it is reported that the recovery of acetic acid without pH
control (pH at about 6.5) resulted in low recovery yields of 5-20% (Horiuchi et al.,
2002).

3.5 Extraction

Extraction is a well-established technique whereby two different immiscible liquids,
such as water (polar compound) and an organic solvent (non-polar), are in contact
with one another phases during the operation upon their relative solubilities. Besides,
a net transfer reaction is observed from one phase to the other driven by chemical
potential. After completing the transfer process, the solvent product is enriched with
solute(s), which is known as extract substance (Kertes et al., 2009a). The extraction
process has been known for more than a century to recover VFAs compounds
effectively (Mostafa, 1999, Kertes et al., 2009Db).

Benefiting from the extraction techniques, three extraction processes, including
solvent extraction, reactive extraction and ionic liquids extraction, have been
accomplished to recover VFASs so far (Figure 3.3). Solvent extraction is an efficient
and economical process and uses various kinds of solvents in the aqueous phase. For
instance, the use of trioctylphosphine oxide (TOPO) solvent allows an acetic acid
recovery yield of 75%. TOPO can make a strong hydrogen bond with carboxylic
acids in the organic phase due to its low solubility, high boiling point and good
stability, and as a consequence, result in an extract phase with a higher amount of
carboxylic acids (Golob et al., 1981). In another variation of recovery sources of
VFAs within the solvent extraction approach, Shin et al. (Shin et al., 2009)
introduced waste-derived streams sources along with an organic solvent (2-
ethylhexyl alcohol) and successfully, 96.3% of acetic acid was recovered. Consistent
with the above studies, several studies are also recovered acetic acid using a synthetic
solvent (Chen et al., 2016, Cebreiros et al., 2017, Kim et al., 2016). However,
recovery of VFASs by a green solvent in lieu of synthetic toxic solvents is of interest
from the point of sustainable development goals (SDGs), for this, a recent study
(Rodriguez-Llorente et al., 2019) proposed a sustainable route for the recovery of
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VFAs from aqueous solution using natural solvents. Results showed that valeric and
butyric acids extraction yield percentages were higher. Additionally, the authors
conducted solvent stability studies by using an alkali medium.
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Figure 3.3 VFAs recovery by the solvent extraction process (Aghapour Aktij et al.,
2020b).
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On the other hand, the reactive extraction process also separates VFAs compounds
from aqueous solutions using several extractants. Rasrendra et al. (Rasrendra et al.,
2011) investigated the VFAs extraction efficiency from the phase splitted pyrolysis
oil aqueous solution in the presence of tri-n-octylamine (TOA) and yield of 84% for
acetic acid, while the extraction efficiency of acetic acid increased to more than 90%
using aliphatic tertiary amines reactive extraction process (Mahfud et al., 2008).
Furthermore, there is considerable research that uses triisooctylamine (Yang et al.,
2013a), tri-butyl phosphate (Eda et al., 2017), trioctylamine/Octanol (Ahsan et al.,
2013) and tributyl phosphate (Mukherjee and Munshi, 2020) in the reactive
extraction process as effective extractants for a high amount of VFASs recovery.

Finally, the extraction process has been amplified by the use of ionic liquids (ILs)-
based extractants towards VFAs recovery due to their outstanding separation
efficiencies, good stability and, more importantly, well fitted for the environment
(Lopez-Porfiri et al., 2020, Sprakel and Schuur, 2019, Sahin and Kurtulbas, 2020,
Cevasco and Chiappe, 2014, Wang et al., 2017). After that, Schuur’s group published
some potential results of acetic acid recovery by using ionic liquids medium, and
they also confirmed that the extraction process is influenced hydrogen bond
(Reyhanitash et al., 2016, Reyhanitash et al., 2019, Reyhanitash et al., 2015).
Recently, oliveira and co-workers (Oliveira et al.,, 2012) have proved that
phosphonium-based ILs are more amendable than traditional organic solvents in
terms of VFAs recovery performances. Despite the progress of the extraction
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process, this process depends on several factors, including operational parameters,
raw materials availability and selection of appropriate solvents, etc. These issues
must be amended constructively in order to achieve maximum output.

3.6 Gas stripping

Gas stripping is a relatively simple process, which involves gas sparging via the
fermentation broth to transfer volatile compounds from the liquid state to the gaseous
state to obtain the recovered products. This process has maintained Henry’s law
related to liquid and gas-phases concentration behaviour (Atasoy et al., 2018,
Qureshi and Blaschek, 2001).

The recovery of VFAs compound from glucose fed meat anaerobic digester using
gas stripping has been investigated by Li et al. (Li et al., 2015). This work
conditioned their inoculum (anaerobic sludge) under an acidic medium (pH kept
below 4.8), which favors VFAs accumulation since, at this pH, all VFAs compounds
are found in undissociated form, and it is reported that undissociated form of VFAs
must be present in the stripping process to be effective (Ramos-Suarez et al., 2021b).
Results showed that at an acidic medium, the compounds of VFAs were recovered
in the form of their salts with an amount of 80% butyrate and 20% acetate while only
a minor portion of propionate and valerate. Interestingly, this study also
demonstrated that the reduction of pH trend promoted lactic acid conversion to other
valuable VFAs compounds during the fermentation process. Furthermore, a recent
study (Huang et al., 2016) has shown that the gas stripping process can also be
employed in another way rather than ammonia stripping directly from VFAs-riched
liquid digested of swine manure using the solid-liquid separation technique.
Afterwards, the total concentration of VFAs was 94.4 mg-COD/g-VS, which is
promising in terms of the marketable demand for VFAs. However, the gas stripping
process faces some challenges, such as needed a large volume of gases for circulation
and subsequent recovery steps for adsorbents/condensers (Qureshi et al., 2014).

3.7 Membrane contactor

Membrane processes have attracted significant interest in the field of product
recovery from waste-based resources due to their advantages over other extraction
approaches in efficiency, time and energy-saving and sustainability (Shi et al.,
2018b, Abels et al., 2013, Hube et al., 2020b, Mahboubi et al., 2016, He et al., 2012,
Pervez et al., 2020g, Pervez and Stylios, 2018d, Pervez et al., 2020c). Various
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membrane processes including membrane contactor, forward osmosis, membrane
distillation,  pervaporation, electrodialysis, microfiltration,  ultrafiltration,
nanofiltration and reverse osmosis have been utilized at different stages of VFAs
recovery (He et al., 2012, Rongwong et al., 2018a).

Membrane contactor (MC) is an effective technique when it comes to the recovery
of valuable compounds. This methods realizes the separation of compounds into two
phases while preventing their mixing. In other words a membrane brings two phases
in contact through which the mass transfer between the phases occurs (Asfand and
Bourouis, 2015). This methods is mainly affected by the liquid phase characteristics
(aqueous or organic) and the membrane surface properties (hydrophobicity, pose
size or charge) (Drioli et al., 2005). In general, hydrophobic membranes are more
preferential for resource recovery because of their good thermal stability and
chemical resistance, also low energy required and large scale mass transfer ratios
(Zhang et al., 2009, Rongwong and Goh, 2020). The application of MC for the
recovery of VFAS has been practiced for a century. Tugtas et al. (Tugtas, 2014) used
a membrane contactor for VFASs recovery in the presence of a flat membrane. Results
highlighted higher selectivity of acetic acid (1.599) over water with separation
occurring at a mass flux of 12.23 g/(m?h). In MC system, separation of VVFAs can be
affected by the medium pH. In this regard, Yesil et al. (Yesil et al., 2014) conducted
the VFAs recovery experiments using polytetrafluoroethylene (PTFE) membrane
contactor and they reported that higher selectivity (permeation fluxes) of VFAs could
be obtained at lower pH. Among the VFASs considered, caproic acid showed better
selectivity compared to other acids. Membrane contactors can be also utilized to
bring gas-liquid or gas-gas phases in contact. A recent study by Aydin et al. (Aydin
et al., 2018) used vapour permeation membrane contactor (VPMC) to recover mixed
VFAs. They utilized three VPMC configurations including air-filled PTFE
membrane with the other two being extractants (TOA or TDDA) filled PTFE
membrane. The recovery percentage of VFAs were reported higher for extractants
filled PTFE membrane except for acetic acid. In addition, TOA-filled membrane has
also demonstrated a higher selectivity towards caproic acids, butyric acids and
valeric acids (Rongwong and Goh, 2020). However, MC VFAs separation can be
challenged by medium properties. It is noteworthy that the feed containing
suspended particles result in lower VFASs recovery percentages (Yesil et al., 2014)
and therefore suspended particles-free feed solution are the target of MC VFAs
separation.
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3.8 Membrane distillation

Membrane distillation (MD) is a thermally driven process whereby the vapour
molecules are transported across a hydrophobic membrane. The hydrophobic
property of the membrane used in the MD process allows passing gases and vapours
through the membrane surface while preventing liquid transport (Figure 3.4) (Song
et al., 2007). MD has various advantages over other thermal membrane separation
processes such as high concentration of compounds could be retained as retentate,
lower temperature requirements, larger membrane pore size and operation at
atmospheric pressure. More importantly, fouling issues of the MD process could be
minimized using suitable cleaning protocols since it is in direct contact with
fermentation broth, while the processes such as membrane filtration or PV needed
liquid steam pretreatment procedure to prevent the fouling scale (Gryta, 2008,
Guillen-Burrieza et al., 2014).
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Figure 3.4 Tentative MD process scheme for VFASs recovery (Aghapour Aktij et al.,
2020b).

An anaerobic membrane distillation bioreactor with polyvinylidene fluoride
(PVDF)-based hydrophobic membrane has been utilized to treat synthetic
wastewater that contained acetic acid, propionic acid, butyric acid and isovaleric acid
(Yaoetal., 2019). The results showed that propionic acid, butyric acid and isovaleric
acid were successfully recovered in terms of higher concentrations obtained (1.3,
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20.3 and 15.6 mg/L) in the permeate solution than feed solution (1.1, 16.7 and 12.6
mg/L) except for acetic acid, which is associated with higher boiling points than
acetic acid that may facilitate transfer rate through the membrane surface during the
operation, resulting in a higher recovery rate. Besides, they found that higher
temperature showed a negative effect on recovery rate and membrane fouling
phenomena. As it is known that the MD process is a thermal membrane separation
process, so using low temperature during the operation possibly increased their
reliable uses from the point of economic and energy-intensive perspective (Fasahati
and Liu, 2014). Another study also used low temperature (35 °C) to separate arsenic
from glycerol fermentation broth in the MD process. They utilized polypropylene
membranes and exhibited satisfactory resistance to wettability during the processing
stages. However, fouling issues are still noticed in their MD process, and surely this
is one of the potential challenges for the future progress of MD (Gryta et al., 2013).

3.9 Electrodialysis

The use of electrodialysis (ED) has been widely investigated in the effluent treatment
process to recover valuable compounds. The ED process is formed of a separation
an ion-exchange membrane where an electric field is supplied for the migration of
the anions and cations to the anode and cathode chambers (Figure 3.5) (Ward et al.,
2018, Vertova et al., 2009). It is often suggested that the charged form of VFAs are
more suitable for recovery processing stages, therefore, a series of charged
membranes are placed in between two electrodes to prevent the Donnan repulsion in
the ED process (Huang et al., 2007, Wang et al., 2006).

Generally, the conventional electrodialysis (CED) process has been effective for
acetic acid recovery than other VFAs compounds (Jones et al., 2015, Pan et al.,
2018). Later a study carried out by Tao and co-workers who showed that MF
pretreatment could enhance the CED process recovery efficiency with an amount of
92% acetic acid and 85% n-valeric acid. They also found that concentration
increased from 11.73 g/L to 19.82 g/L (Tao et al., 2016), which agrees with other
studies that also showed that higher concentrated VFAs compounds were achieved
after electrodialysis (Bermeo et al., 2003, Scoma et al., 2016). These results
attributed to the lower concentrations of VFASs in the initial feed solution, but these
concentrations are very low in view of the practical aspects, and it has been proposed
to use 200-500 g/L of VFAs concentration as a feedstock in the feed solution
(Ramos-Suarez et al., 2021b).
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Figure 3.5 Tentative CED process scheme for VFASs recovery (Aghapour Aktij et al.,
2020b).

Electrodialysis with bipolar membrane (EDBM) demonstrated as an environment-
friendly and energy-efficient technology. Bipolar membranes are typically ion-
exchange membranes together with anion and cation exchange through the use of a
junction layer in their laminated structures (Parnamae et al., 2021, Huang and Xu,
2006b). In some cases, cation exchange membranes are not needed in the direct
recovery system using the EDBM process; applying only an anion exchange process,
it is possible to recover up to 70% of acetic acid that may save energy consumption
and operating costs (Yu et al., 2000). On the other hand, the efficiency of the EDBM
process could be increased using a two-stage operation, around 87% of VFAs were
recovered from real pig manure hydrolysate (Shi et al., 2018a).

Another important design is the placement of the ED unit in direct contact with the
fermentation broth for in-situ recovery of VFAs. Dai et al. (Dai et al., 2019) have
discussed the feasibility of this alternative integrated system. By coupling the ED
unit into fermentation broth, the recovery rate of acetic acid was faster than the alone
ED unit due to the use of direct electricity sources. Interestingly, another benefit was
observed after combining the unit can simultaneously enhance hydrogen production,
potentially influencing the passage of VFAs compounds with 95% and 69% recovery
efficiency (Arslan et al., 2017, Zhang and Angelidaki, 2015). However, some
drawbacks have been noticed in all ED processes such as membrane operation cost,
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non-VFAs anions (such as CI) removal favoured over VFAs anions, requiring
additional salts that are not practicable towards further downstream applications
(Tao et al., 2016, Zhang and Angelidaki, 2015, Chalmers Brown et al., 2020).

3.10 Pervaporation

Membrane-based pervaporation (PV) is an emerging separation process for the
recovery of value-added chemicals from waste streams. In the pervaporation process,
liquid mixtures are separated using the solution flow and diffusion of the components
through the membrane. The components subjected to separation are absorbed into
the membrane and the permeate is collected over the membrane in the vapour-phase
(Figure 3.6) (Feng and Huang, 1997).
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Figure 3.6 Tentative PV process scheme for VFAs recovery (Khalid et al., 2019).

This technique has the potential for VFAS recovery as it is environment-friendly and
economical. Pervaporation membranes are highly preferable for acetic acid selection
over water. Selectivity performance could be improved by adjusting the membrane
pore size (0.2-0.5 nm) and layer mechanism. One study developed a new kind of
composite membrane by casting sodium alginate solution onto an N2 plasma
modified polypropylene membrane and further crosslinked by Ca®* and AI**. They
showed that N, plasma significantly increased their pore size and hydrophilicity,
while the crosslinking mechanism improved the stability and separation factor of
acetic acid/water compared to the original membrane (Zhang et al., 2014b), which is
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in line with other works that have been discussed the benefits of using a hydrophilic
pervaporation membrane prepared by the use of amine-functionalized metal-organic
framework (Su et al., 2015), graphene oxide (Dave and Nath, 2016) and
molybdenum disulphide (Choudhari et al., 2015). On the contrary, some researchers
synthesized hydrophobic pervaporation membranes through the use of common
polymers polydimethylsiloxane (Li et al., 2004), zeolite (Bowen et al., 2003) and
silicalite (Sano et al., 1997) and exhibited their promises on VFAS recovery because
of their high affinity towards organic compounds. Besides, the corresponding
permeate fluxes were also double after incorporating such fillers.

Moreover, other than conventional dense hydrophilicity/phobicty membranes,
another membrane such as supported liquid membrane has been used for VFAs
recovery in the pervaporation technique. A study by Yesil and coauthors utilized the
pervaporation method for recovery of mixed VFAs from the fermentation broth
using three types of membrane; polytetrafluoroethylene (PTFE), tridodecylamine
(TDDA) filled PTFE and composite silicone rubber/PTFE membranes. Results
showed that the highest selectivity of VFAs, flux, separation factor and permeance
was obtained in the presence of TDDA filled PTFE liquid membrane (Yesil et al.,
2020), This is because of lower aqueous—organic interfacial tensions between liquid
membranes and VFAs compound, which agrees with a previous report (Qin and
Sheth, 2003). However, previous researchers did not focus on product capture from
the vapor phase in the commercial method, which is very sensitive in terms of
product loss during the pervaporation process, and it should be carefully monitored.

3.11 Forward osmosis

Forward osmaosis (FO) is another new approach evaluated for the treatment of the
effluents using the semi-permeable membrane panels in which the target solutes
from the feed (dilute) solution are transferred to the draw solution (concentrated)
over osmotic pressure (Figure 3.7). The FO process does not require any external
energy input since it is driven by osmotic potential except a small amount of energy
needed to circulate feed and draw solutions (Khan et al., 2021a). This process has a
couple of practical advantages such as low membrane fouling, low or no pressure
requirements and high retentate efficiency (Cath et al., 2006).
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Figure 3.7 Tentative FO process scheme for VFASs recovery (Zhang et al., 2020).

Concentration of VFAs derived from waste streams through FO has been recognized
as an emerging technology in recent years (Cagnetta et al., 2017, Garcia-Aguirre et
al., 2020). During the FO process, the rejection performances of VFAs compounds
appeared to be pH-dependent rather than membrane orientation (Khan et al., 2020).
With the increase of pH values, the recovery percentages of individual VFAS
components were increased. Around 90% recovery of VFAs was achieved at pH 7.5,
while only 30% for pH 4, as investigated by Blandin and his team (Blandin et al.,
2019). These results can be described by focusing their ionization constant (pKa)
values, as all VFAs exhibits pKa around 4.8, thus the rejection rate at pH 7.5 was
modulated by charged effects. At higher pH, VFAs compounds and membrane
surface charge both became negatively charged, resulting in high retention behaviour
due to the formation of electrostatic repulsion (Verliefde et al., 2008). On the other
hand, recovery percentages at pH 4 were explained by a size-dependent mechanism,
meaning higher molecular weight compounds are better retained than smaller
molecular weight compounds (Bellona et al., 2004). Besides, permeate flux is also
affected by pH solution, higher flux is obtained when solution pH was higher (Jung
etal., 2015). The combination of the FO process with other recovery techniques such
as membrane distillation, nanofiltration and reverse osmosis could be more efficient.
This can be applied through pre-treatment (NF/RO-FO) and post-treatment (FO-
MD) integrated set-up, intending to recover the water and concentrated acid from
fermentation broth simultaneously (Zhang et al., 2014a, Cho et al., 2012).

Moreover, some studies proposed a dynamic model for the concentration of VFAS
under the FO process. The motivation to develop this dynamic model for controlling
the FO operational parameters systematically. By using this model, recovery

43



Chapter 3

efficiency and flux behaviour over time can be optimized. The model was based on
the Levenberg-Marquardt algorithm to determine all process variables. After
investigating the results, it was found that the concentration percentage of acetic,
butyric and valeric acids were enhanced, as complying with the predictions made by
the model (Ruprakobkit et al., 2016, Ruprakobkit et al., 2017, Ruprakobkit et al.,
2019).

Moreover, the above discussion stated that the FO process has some potential
challenges, such as reverse solute diffusion, internal concentration polarization, and
membrane fouling. These phenomena should be resolved to obtain a high amount of
VFAs from liquid waste streams.

3.12 Pressure-driven membrane filtration

Pressure-driven membrane filtration process is a classical separation method and has
significant aspects in purifying mixed waste effluents. These processes can be
categorized into four types based on the membrane pore size and driving force
(transmembrane pressure) during the operation, including microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) (Figure 3.8).
Pressure driven membrane process can be arranged in two ways, such as dead-end
and cross-flow membrane filtration. In the dead-end membrane filtration, the feed
solution flowed through the vertical direction of the membrane surface with one
stream of the membrane module, while the feed solution flowed tangentially toward
the membrane surface with two streams (one for retentate and one for permeate) for
cross-flow membrane filtration. Moreover, various membrane modules, including
tubular, hollow, flat sheets and spiral wounds, are typically utilized for pressure-
driven membrane operation (Van der Bruggen et al., 2003c).

Microfiltration (0.2™5 bar) Ultrafiltration (1~10 bar) Nanofiltration (5~20 bar) Reverse osmosis (10~150 bar)
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Figure 3.8 Pressure driven membrane filtration process for VFAs recovery (Liao et
al., 2018).

In the MF process, the membrane was used with pore sizes ranging from 10 to 0.1
um and operating hydraulic pressure applied from 0.2 to 5 bar, leading to a higher
flux. In general, larger particles such as bacteria/protozoa, suspended particles and
emulsified components than pore size can be removed are in the MF process from
the feed solution due to the size-exclusion separation mechanism. Phase-inversion,
stretching, track etching and sintering techniques are mostly used for the production
of hydrophobic MF membranes. Polymeric, ceramic and metallic membranes are
frequently applied in the MF operation. On the other hand, the UF process used
smaller pore size membranes (varied from 0.1 to 0.01 um) and higher
transmembrane pressure ranges between 1 to 10 bar. Similar to MF, the UF process
retained the larger particles such as proteins and sugars by following the size
exclusion mechanism. Mainly, the phase inversion technique was selected for the
synthesis of polymeric UF membranes. Some polymers are commonly blended
during the processing to increase the membranes' hydrophilicity. Notably, both
MF/UF membranes are structurally microporous.

In the NF process, membranes can be either porous or dense with a pore size of about
0.01-0.001 pum and molecular cut-off (MWCO) about 300-500 dalton (Da). This
makes NF membranes suitable for retaining low molecular weight acids and divalent
inorganic ions (Mohammad et al., 2015). The separation mechanism of the NF
membrane process is governed by the combination of the Donnan effect, steric and
dielectric poles (Ernst et al., 2000). Usually, the NF process operates at applied
pressures in the range from 5 to 20 bar. On the other hand, reverse osmosis
membranes are generally known as dense non-porous membranes with a pore size
between 0.001-0.0001 nm and MWCO about 100 Da. During the RO operation, this
filtration process requires relatively high pressure (10-150 bar). Mostly,
polymeric/organic membranes have been utilized for NF/RO applications because
of their cost-effectiveness and high efficiency.

There is a broad consensus that the pressure-driven membrane processes have better
capability in recovering VFAs compounds from different waste streams (Aghapour
Aktij et al., 2020b, Zhu et al., 2021a). For instance, Kim et al. (Kim et al., 2005a)
investigated the microfiltration performance (ceramic MF membrane) of organic
sludge for the recovery of VFAs. Results showed that bacteria were completely
removed while more than 80% of VFA could be recovered through the permeate.
However, the recovery percentage could be increased to 90% using a modified
polyethersulfone microfiltration membrane module (a KrosFlo Research Ili System)
(Tao et al., 2016). In recent years, some studies demonstrated that using MF together
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with MBR may open a new possibility for continuous in-situ recovery of VFAS from
various waste effluent streams such as food waste (Wainaina et al., 2019c), food
waste slurry and excess sewage sludge (Parchami et al., 2020b), chicken manure
(Yin et al., 2021b) and cow manure (Jomnonkhaow et al., 2021a). The
transformation from batch to continuous production and recovery using a newly
developed immersed membrane bioreactor eventually led to a sustainable VFAs
recovery strategy in the MF process. Similarly, UF has also been applied for VFAs
recovery, as the pore size of the membranes is normally less that could assist in
retained low molecular weight VFAs compounds. For example, Longo et al. (Longo
et al., 2015a) recovered VFAs from sewage sludge fermentation with the use of an
ultrafiltration setup. They successfully recovered a high amount of VFAS, especially
acetic acid and propionic acid.

However, MF/UF still possess some limits, such as larger pore size, which are not
beneficial for VFAs recovery effectively. In this context, NF/RO membranes with
smaller pore sizes have been demonstrated as a potential route for improving the
recovery efficiency of VFAs compounds. For instance, Han et al. (Han and Cheryan,
1995) screened several different types of nanofiltration and reverse osmosis
membranes for acetic acid recovery from a synthetic solutions. At high pH, the
recovery percentage of acetic acid increased reaching an average of 40%. In another
work, Xie et al. (Xie and Liu, 2015) concentrated 60% of acetic acid from paulownia
hot water wood extracts using a nanofiltration module. They suggested that during
nanofiltration, multiple parameters such as membrane hydrophobicity affect acetic
acid filtration efficiency. Besides, the nanofiltration efficiency was directly
influenced by the intermolecular interactions in the biomass, meaning the solution
pH plays an important role during the nanofiltration process. For the separation of
acetic acid from lignocellulosic substrate, Weng at al. (Weng et al., 2009) reported
and acetic acid recovery percentage of 90% in a xylose solution using NF at medium
pH of 2.0 and 24.5 bar. Similarly, Malmali et al. (Malmali et al., 2014) could reach
a complete separation of acetic acid from biomass hydrolysate using NF. They have
clearly noted that the recovery of acetic acid is pH-dependent while using NF. It has
been reported that a sequential filtration can enhance the recovery percentage of
acetic acid considerably when using NF (Lyu et al., 2015). NF can also be used in
combination with RO to increase recovery percentage. Recovery of acetic acid by
NF and RO from pulp mill spent sulfite liquor was conducted by Afonso et al.
(Afonso, 2012). It was observed that although the NF membrane flux was higher
than that of the RO membrane, the retention percentage of acetic was better for RO
membrane (89%) compared to the NF membrane (77%).

Considering the fact that pressure-driven membrane filtration process shows a
potential scope in recovering a high amount of VFAs compounds compared to the
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other techniques. The most reliable feature of this process is membrane properties
that have a strong influence on VFAS recovery. In this paper, the pressure-driven
membrane filtration process is discussed in detail since it is simple, unique and high
efficiency, and various factors play a vital role, hence it is worth investigating.

3.13 Factors affecting pressure driven membrane-assisted

recovery of VFAs

In order to guarantee a long-term sustainable membrane filtration for separation of
VFAs from different streams a synchrony between different membrane-, medium-
and operation-related factors is essential. In pressure driven membrane VFAS
separation the main parameters affecting the success level of the process can be listed
as; membrane properties (membrane material/composition, pore size, charge,
hydrophilicity/phobicity and permeability) and medium characteristics (Feed
concentrations, pH, temperature, pressure and ionic strength).

3.13.1 Membrane material

The membrane filtration efficiency is greatly influenced by membrane
characteristics such as membrane materials (Choi and Ng, 2008, Sadeghi et al.,
2018). Up to present, various qualities of membranes such as metals, ceramics and
polymers have been employed for VFAs recovery purposes in pressure-driven
membrane filtration. Metallic membranes are used successfully in the MF/UF
filtration units. It has been reported that metallic membranes have more strength to
high-temperature oxidation and better endurance, which assist with fouling reduction
(Zhang et al., 2005b). On the other hand, ceramic membranes have been used widely
on a commercial scale for MF/UF systems as they offer high flux, corrosion
resistance, low fouling tendency and backwashability (Ersu and Ong, 2008).
Moreover, ceramic membranes provide a high flux because of the fewer interactions
between the membrane surface and foulants (Baker, 2012). Ceramic membranes
have therefore been used for VFA recovery from liquid organic sludge. For example,
Kim et al. (Kim et al., 2005a) used a cross-flow microfiltration unit and showed that
ceramic membranes could be used to recover more than 80% of VVFAs in a solution.
Moreover, ceramic membranes (made of a-Al.03) have been successfully applied to
remove large particles from the anaerobic digestion streams with low VFASs retention
(Zacharof and Lovitt, 2014). However, as both ceramic and metallic membranes
have shortcomings when it comes to shaping and modularity, weight and price,
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polymeric membranes have been applied on a large scale in the pressure-driven
membrane filtration system (Ng et al., 2013, Van der Bruggen et al., 2003c).

As presented elaborately in Table 3.1, variety of polymeric membranes have been
used for microfiltration and ultrafiltration in VFA recovery systems. As an example,
polyvinylidene fluoride (PVDF)-based membranes have been used in the cross-flow
microfiltration for the extraction of VFAs in a solution with concentrations of up to
52 g/L (Trad et al., 2015). In addition, surface modification of polymeric
membranes (e.g. modified polyethersulfone) has been reported to result in better
recovery percentage of VFAs (around 90%) (Tao et al., 2016). Another commonly
used membranes for NF and RO are composite polyamide(PA)-based membranes.
Typically composite membranes are anisotropic in nature and composed of two or
more highly porous supporting materials. The structure of composite polyamide
membranes is characterized by three layers: a top polyamide layer (size around 100
nm), the second layer made of a microporous polysulfone and finally, a non-woven
supporting material to provide mechanical durability (Tang et al., 2009). The top
layer is considered as the crucial part since it determines the selectivity performance
of the membrane. Categorized based on the structural monomer group, fully aromatic
PA membranes although fully commercialized, it possesses a rough surface that
challenges smooth operation. Alternatively, semi-aromatic poly(piperazinamide)-
based PA membranes exhibited a smooth surface and are often used in membrane
filtration process. However, fully aromatic based membranes are still considered as
a mainstream membrane because of their high recovery efficiency than
poly(piperazinamide)-based membrane (Tang et al., 2009, Choi et al., 2008). As
summarized in Table 3.2, although fully aromatic based XLE (Polyamide, Dow
Filmtec) nanofiltration membrane effectively retained acetic acid (97%), butyric acid
(99%) and propionic acid (99%) in a ternary solution, the retention percentages for
piperazinamide-based NF-45 (Polyamide, Dow Filmtec) membrane was only 68%,
88% and 72%, respectively (Zhu et al., 2020b). There are several more commercial
fully aromatic-based membranes such as NF 90 (Polyamide, Dow Filmtec), NF 97
(Polyamide, Alfa Laval), ES 10 (Aromatic polyamide, Nitto Denko) that have
exhibited better VFAS recovery compared to the piperazinamide-based membranes.
In addition, fully aromatic membranes performance can be improved by the
application of a cross-linker in the parent molecule. In this regard, Zacharof et al.
(Zacharof et al., 2016) used polyvinyl alcohol-aromatic cross-linked polyamide
membrane LF10 (Polyvinyl alcohol/polyamide, Nitto Denko) in treating agricultural
wastewater digestate rich in carboxylic acids. They found that the recovery
percentages of acetic and butyric acid were maximal for LF10 (Polyvinyl
alcohol/polyamide, Nitto Denko) membrane compared to the piperazine-based
polyamide membranes such as NF 270 (Polyamide, Dow Filmtec), HL

48



3. Resource recovery from food waste

(Polyamide/polysulfone, GE Osmonics) DL (Polyamide/polysulfone, GE
Osmonics) DK (Polyamide/polysulfone, GE Osmonics). Similar trend was also
noticed for reverse osmosis membranes, such as fully aromatic-based SWC5
(Polyamide, Hydranautics) and SWC6 (Polyamide, Hydranautics) RO membranes,
capable of recovering more than 80% of acetic acid and 100% of isobutyric acid,
while the recovery percentage increased to 95.2% in the presence of coated fully
aromatic flat sheet SW 30HR (Polyamide/polysulfone, Dow Filmtec) membrane
(Table 3.3). However, the recovery percentage decreased to 60% when the
piperazine based polyamide membrane SG (Polyamide, GE Osmonics) used. This
indicates that fully aromatic membranes are the most suitable for satisfactory
recovery percentages of VFAs.

Moreover, applied membranes for VFASs recovery were mostly flat sheets and spiral
wound modules, as presented in Table 3.1-3.3. It was noticed that the recovery
percentages of VFAs are quite similar in both type of membranes, but the use of flat
sheet membrane is higher than spiral wound membrane because of their easy
cleaning operation and steady water flux (Corzo et al., 2017).

3.13.2 Membrane pore size and molecular weight cut-off

The pore size of the membranes has been called as the backbone of the MF, UF and
NF and is well-understood that membrane pore size has a fundamental relationship
with the retentate and permeate solution characteristics (Dizge et al., 2011). The
selectivity of MF membranes are determined by indicating the pore size, while for
pore sizes for UF, NF and RO membranes are usually presented in MWCO
(expressed as Da or kDa). Generally, the pore sizes of the MF and UF membrane are
relatively large (section 2.12) that allows removing larger particles, microorganisms
and macromolecules, while small MWCO of NF and RO membranes assist with the
retention/removal of low molecular weight compounds/ions.

In addition, membrane permeability is an effect of pore size, which describes the
passage rate of a compound through the unit area of the membrane per unit time and
pressure applied. Membrane has the most important role in defining permeability as
its selectivity acts as a resistance against the flow of all compounds through the
membrane. In general, there is a trade-off between membrane permeability and its
selectivity as higher permeability tends to lower the selectivity and vice versa (Park
et al., 2017). When separation of VFAs from the anaerobic digestion effluent is to
be conducted, considering the complex composition of the effluent high selectivity
towards VFAs is sought that may challenge membrane permeability and process
productivity.
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Table 3.1 shows that MF and UF membranes have been actively used for
clarification of VFAs containing solutions rather selective retention of VFAs (Trad
et al., 2015, Longo et al., 2015a). Although, some studies have reported that a
marginal amount of VFAs could be retained while applying MF or UF, surprisingly,
there are reports on negative retention percentages for VFAs using MF or UF
(Zacharof and Lovitt, 2014, Janisch et al., 2019). As such, the acetic acid
concentration of permeate solution (1.265.85 mg/L) was higher than retentate
solution 1.083.30 mg/L in the presence of a Membralox ceramic microfiltration
membrane (Pall Corporation). Whereas the same trend was observed for
ultrafiltration membrane (UHO050, Microdyn-Nadir), having a higher acetic acid
concentration in the permeate solution (3.45 g/L) compared to that of the original
hydrolysate solution (3.33 g/L). These results are achieved due to the larger pore size
of MF/UF membranes. As the pore size range provided by MF and UF does not
satisfy selective removal of VFAs, smaller pore sizes in the range of NF and RO are
required for this purpose.

Similarly, membrane permeability in MF and UF have a minimal influence on VFAs
recovery (Zacharof and Lovitt, 2014). Although ceramic membranes have been
reported to show higher permeability than their polymeric counterparts, their VFAs
recovery percentage is inferior to that of polymeric membranes (Kim et al., 2005a,
Zacharof et al., 2016). For example, MF ceramic membranes were used to recover
about 87% of VFAs, while polymeric ones could reach up to 92.8% (Table 3.1). A
recent study has suggested the application of high permeability ceramic membranes
for the fractionation of higher molecular weight compounds and polymeric
membranes with lower permeability for the removal of lower molecular weight
substances (Luiz-Santos et al., 2020).

Applying nanofiltration, experimental results indicated that 200 Da MWCO
membrane can provide a high recovery percentage for acetic acid (78%) compared
to 200-400 Da and 1000 Da membranes that exhibited only 22% and 9% |,
respectively (Table 2) (Afonso, 2012). There is a general consensus on the direct
relation between MWCO and VFAs recovery percentage (Zacharof et al., 2016,
Bellona and Drewes, 2005). For example, it has been reported that when the MWCO
was increase from 200 to 300 Da, acetic acid recovery percentage of dropped from
85% to 83%. Based on our own unpublished results, the percentage of VFAS
recovery dropped to almost half when 150-300 Da (Acetic acid, 22%, Butyric acid,
30%) membrane was used compared to that of <150 Da membrane (Acetic acid,
72.2%, Butyric acid, 69.7% ). The highest amount of VFAs recovered (>90%) has
been obtained in using NF membranes with about 100 Da MWCO, which is
attributed to the average molecular weight of VFAs is around 100 g/mol or larger,
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leading to higher retention in the 100 Da membrane (Choi et al., 2008, Zhu et al.,
2020b, Ecker et al., 2012, Wainaina et al., 2019a).

For NF membrane, as shown in Table 3.2, direct relation between permeability and
selectivity exist as the water permeability reduced VFAS recovery increases. The
permeability rate of HL, DL, DK and LF 10 membranes were found to be 118.43,
56.02, 44.60 and 15.95 L/(m?h), respectively, leading to an ascending order recovery
percentages of VFAs of 22%, 45%, 57.2% and 72.2%. The LF 10 that provided a
higher recovery percentage at low permeability, practically requires higher filtration
pressures that may hinder the economic feasibility of the filtration process (Zacharof
et al., 2016). NF 90 and NF 270 are among the most popular NF membranes used
for VFAs recovery. Among the two, NF90 membrane, although low in permeability,
has had better VFASs recovery performance. Similarly, the ES10 flat sheet membrane
with permeability of 1.67 L/(m?h) performed better in the recovery of acetic and
propionic acids compared to NF 270 with a permeability around 3.88 L/(m?h)
(Bellona and Drewes, 2005). Moreover, as reported by Afonso et al. (Afonso, 2012),
the recovery percentage of acetic was more than 3 times higher in the case of NP030
(29%) compared to NP010 membrane (9%) as the former possesses lower
permeability. This was the common trend for other commercial membranes as the
lowest permeability demonstrated the best recovery amount of acetic acid. For
example, PA 100 (Polyamide, Permeonics Pvt Ltd) flat sheet membrane had the
permeability of 2.8 and exhibited 30% acetic acid recovery, while PA 150
(Polyamide, Permeonics Pvt Ltd), PA 400 (Polyamide, Permeonics Pvt Ltd) and PES
150 (Poly ether sulphonate, NovaSep)membranes had lower recovery percentages
between 2-12% (Maiti et al., 2012). Lyu et al. (Lyu et al., 2016) also confirmed that
the lower permeability rate of TS40 (Polypiperazine amide, Microdyn-Nadir) flat
sheet membrane help 7% acetic acid recovery while for the higher permeability
membrane XN45 (Polyamide, Microdyn-Nadir) this was only 3%.

Based on the expected MWCO, reverse osmosis membranes are similar or better in
performance compared to nanofiltration membranes in VFAs recovery. The
literature available lack presentation of MWCO for the RO membranes used for
VFAs recovery. Considering NF and RO membranes researched, it was noticed that
when a membrane with MWCO of about 100 Da is used butyric acid recovery of
about 78% can be expected while MWCO of higher than 150 Da membrane can
drop the recovery to 62-68% (Table 3) (Cho et al., 2012, Ozaki and Li, 2002).
Interestingly, Yasin et al. (Yasin et al., 2020) found that two membranes with the
same MW(CO range (200-400 Da) showed different recovery percentages for acetic
acid of 50% and 10%. These types of results confirm that the presence of various
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functional groups on the membrane surface can strongly affect the recovery
percentages of VFAs in NF and RO processes.

As shown in Table 3.3, the effect of permeability on concentration VFASs using RO
membranes has also been investigated. Liu et al. (Liu et al., 2020a) concentrated
higher percentage of acetic acid in using a SWC5 membrane (81.92%) than with
SWC6 membrane of higher permeability. The flat sheet membrane ES 20
demonstrated twice permeation flux than other commercial membranes and
therefore, attributed to lower recovery percentages (Ozaki and Li, 2002). The
performance of RO membrane from Alfa Laval also is in agreement with these
findings. In this regard, RO 98pHt (membrane permeability of 3.15) recovered
around 44.21% of acetic acid present in the feed, while a recovery percentage of
47.51% was achieved using RO 99 membrane (2.60 permeability) (Zhou et al.,
2013a). However, in contradiction to the general trend, it reported that XLE
membrane (permeability of 100 L/(m?h)) succeeded to retain 78% of butyric acid
while the lower permeability membrane LE (70 L/(m?h)) could only provide 62%.
On the other hand, a series of membranes such as CPA3 ( 2.6 L/(m?h), acetic acid
40.1%), CPA2 ( 3.1 L/(m?h), acetic acid 43.5%), ESPA2 ( 5.8 L/(m?h), acetic acid
54.5%), SG ( 2.36 L/(m?h), acetic acid 60%), BW30 ( 2.92 L/(m?h), acetic acid
68%) BW30FR (3.98 L/(m?h), acetic acid 70%) showed linear outcome (Table 3)
(Nguyen et al., 2015, Lyu et al., 2016). These results indicate the importance of
building the synchrony between higher selectivity and higher permeability in order
to build a robust membrane filtration process satisfying both productivity and purity
of the final VFAs rich stream (Werber et al., 2016).

Moreover, the applied pressure is also integrated with membrane pore size and
permeability rate, which has played a vital role in the pressure-driven membrane
filtration process for the transport of solutes onto the membrane surface and
influences the recovery percentage of VFAs compounds. Substantial VFASs recovery
percentages are obtained at increased pressure with a higher polarization layer of the
membrane at low flow velocity during the filtration process (Table 1-3) (Abidi et al.,
2016). It is recommended to control the operating pressure so that there is no very
high initial flux that causes the membrane to be performed insufficiently altogether
(Choi et al., 2008). As presented in Table 3.2, when pressure is increased from 8 to
24 bar during NF and RO, a minimal increase is obtained for the recovery percentage
of acetic acid and butyric acid. The reason can be explained in two ways; firstly, at
higher pressures, the water flux through the membrane is higher than that of the
solute and ,secondly, charge effects influence concentration polarization behavior of
solute transport eventually determining the recovery rate of the solute (Gherasim et
al., 2013).
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3.13.3 Membrane charge

The membrane surface charge is considered as a crucial parameter towards the
effective membrane filtration process (Moritz et al., 2001). Membrane surface
charge can be determined by measuring the zeta potential values and it provides a
clear understanding of electrostatic interaction between the feed components and the
membrane’s surface. Suppose the membranes surface charge is positive, and feed
components charge are negative. In this case, strong electrostatic attraction forces
are observed between the membrane surface and media components leading to
reduced retention percentage. On the other hand, electrostatic repulsive forces occur
between the negatively charged membrane surface and the negatively charged feed
components, consequently, enhancing retention percentages according to the
Donnan theory. The Donnan effect is referred to the interaction between charged
molecules that are solubilized and charged membrane surface at their equilibrium
state, as described by the British chemist Frederick George Donnan (Donnan, 1995,
Rho et al., 2020). MF and UF membranes have require chemical surface
modification to produced charged on their surface as they are uncharged initially
(Bowen et al., 2005). Most thin-film composites membranes of NF and RO are
synthesized with a negatively charged surface at alkaline and neutral conditions and
positively charged at acidic conditions. Commonly, NF membranes possess a higher
negative charge compared to the RO membranes, therefore making them a favorable
choice to retain the negatively charged VFAs. In addition, stoke diameters of
compounds plays a role in the membrane recovery process (Cho et al., 2012).
Membrane surface charge also depends on the solution chemistry (Childress and
Elimelech, 1996). It is presented in the literature that NF 90 membrane is more
negative at neutral and alkaline conditions than NF-200, resulting in higher retention
percentage of acetic acid (85%) by NF 90 than NF 200 (Bellona and Drewes, 2005).
Table 3.1-3.3 represents the recovery percentages of VFAS with respect to various
membranes, considering that nearly all membranes are negatively charged.

3.13.4 Membrane hydrophilicity/phobicity

Membrane hydrophilicity is one of the key influencing factors in membrane filtration
performance. Membrane hydrophilicity or -phobicity is defined by the extent of
membrane surface affinity to water molecules (Rana and Matsuura, 2010). The
identification of the surface hydrophilicity or hydrophobicity can be determined
through contact angle measurements. If the water droplet contact angle with the
membrane surface is more than 90 degrees, the membrane can be termed as
hydrophobic, while values less than 90 degrees indicate a hydrophilic surface (Law,
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2014). Membranes with a hydrophobic surface are more prone to fouling by the
deposition and adsorption of microorganisms, proteins and suspended particles. On
the other hand, hydrophilic membranes are less affected by the above mentioned
medium component, sustaining there retention-permeation performance (Salgin et
al., 2013, Kumar and Ismail, 2015). As presented in Table 1, membranes of different
hydrophobicity and hydrophilicity have been used form VFAs recovery in MF/UF
filtration systems.. In this regard, many studies have focused on the enhancement of
the hydrophilicity of PVDF membranes through various surface modification
techniques in order boost their filtration performance (Liang et al., 2013, Hashim et
al., 2009). The quality of the hydrophilic membrane also plays a great role, e.g. the
recovery percentage of VFASs dropped from around 90% to 80% when hydrophilized
PES membrane was replaced with a hydrophilic ceramic MF substitute (Tao et al.,
2016). The effect of hydrophilicity becomes even more pronounced when it comes
to NF and RO (Zhu et al., 2017, Zhao and Ho, 2014). It is a common practice to
make the active layer of the NF and RO membranes using polyamide and
poly(piperazinamide)-based materials that are hydrophilic in nature due to the
presence of extra carboxylic acid groups, and amine and ketone groups (Cho et al.,
2012). Therefore, the contact angles of the NF and RO membranes are usually low
(hydrophilic surface), which assist them in recovering a higher amount of VFAs
during the filtration process. As shown in Table 3.2, the nanofiltration membrane
DK flat sheet can retain a high amount of VFAs than a DL flat sheet membrane just
due to its higher hydrophilicity (Vieira et al., 2018). Similarly, the contact angle
value of NP030 (Polyethersulphone, Microdyn-Nadir) flat sheet membrane is lower
than NP010 (Polyethersulphone, Microdyn-Nadir) flat sheet membrane (Vieira et
al., 2018); as a result, higher retention percentage of acetic acid has been reported
using NP030. However, in general, both membranes (NP010 and NP030) recovery
percentages are very low because of their parent raw material, polyethersulfone,
which is hydrophobic in nature (Zhao et al., 2013). Recent studies have been shown
that upon surface modification of the membrane by adding hydrophilic groups as
supporting material in their reaction chain induces. Among them, polyvinyl alcohol
(PVA)-based thin-film composite membranes show hydrophilic properties due to the
inherent hydrophilic nature of PVA (Zhu et al., 2020a). As shown in Table 2, NTR
729 and LF 10 membranes exhibited premium VFAs recovery percentage as these
membranes are made of PVA blended PA membrane.

Among all hydrophilic RO membranes show the best recovery percentage (Table
3.3). For instances, the contact angle of the XLE membrane is lower than LE RO
membrane therefore this led to a higher recovery percentage of butyric acid (around
78%) from the fermentation broth using XLE. A study by Hurwitz et al. (Hurwitz
and Hoek, 2006) showed that SG membrane have a higher contact angle in the pH

54



3. Resource recovery from food waste

range of 2 to 12 compared to XLE membrane, making a less suitable for the recovery
of VFAs. The recovery percentage of acetic acid was around 43.5% for CPA 2 flat
sheet membrane and only 40% for CPA 3 flat sheet membrane due to their water
contact angle difference (Yin et al., 2017, Dolar et al., 2012). On the other hand, it
was noticed that hydrophobic membranes such as RO 90, RO 99, RO 98 could
recover only 50% of acetic acid, these differences might have result from their high
contact angle (>90 °) (Malmali et al., 2014). As expected, the recovery percentage
was significantly high (above 95% of acetic acid) when using seawater hydrophilic
RO membranes (SWC4, SWC5, SW30, SW30 HR) (Baek et al., 2012). Moreover,
brackish water hydrophilic RO membrane (BW 30) showed a better recovery
percentage of acetic acid (68%) than ESPA 2 flat sheet membrane (54%) as a result
of hydrophilicity (Simon and Nghiem Long, 2014).
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Chapter 3

3.13.5 VFAs concentrations

The concentration of feed solution also influences membrane filtration performance
and consequently the VFAs recovery percentage (Table 3.4-3.6). Feed
concentrations may vary with respect to the source of VFAs. Generally,
microfiltration and ultrafiltration process cannot effectively retain VFAs, and there
are no substantial concentration changes observed for initial and filtered VFAs
solution. On the other hand, the accomplishment of NF/RO processes revealed a
significant VFAs concentration change in the retentate and permeate solution;
therefore, the concentration of VFAs in feed solution plays a crucial role in the
recovery percentage of NF/RO process (Zhu et al., 2020b).

The initial concentration of VFAs in the feed can affect final recovery results. For
example, Han et al. (Han and Cheryan, 1995) used three concentrations of 1%, 5%
and 7.5% of acetic acid and showed that 40% of acetic acid was recovered at 1%,
while the recovery percentage dropped to 20% when the initial VFASs concentration
was increased to 7.5%. This might be due to the ion exchange capacity of the
membrane surface (Han and Cheryan, 1995). When the feed concentration is high,
the excess ions can pass through the membrane easily and lowering the apparent
recovery percentage of the VFAs compounds. Moreover, permeability also
decreases at a higher concentration because water and the permeating ions compete
for a specific membrane area (Han and Cheryan, 1995). It has also been reported in
the literature recovery percentage stays unchanged regardless of the initial
concentration of VFAs when a NF 90 membrane fully aromatic active layer is used
for filtration (Nguyen et al., 2015).

In contrast, the use of RO membrane supports higher recovery percentage at higher
initial concentrations. As presented by Zhou et al. (Zhou et al., 2013b), the recovery
percentage of acetic acid gradually increased from 50% to 55% as the initial feed
concentration of acetic acid increased from 10 to 50 g/L using RO 98pHt membrane.
Following these results, Liu et al. (Liu et al., 2020a) conducted the acetic acid
concentrated process through the use of the reverse osmosis membrane and found
that there are no considerable changes in the recovery percentage observed at varying
concentrations. The similar results are also documented by a previous study (Zhou
et al., 2013a).

3.13.6 Medium pH

In the pressure-driven membrane filtration process, solution pH is a key parameter
on the percentage of VFAs recovery, controlled by the acidic/basic medium.
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Previous literature indicate that the recovery percentages of VFAs is significantly
enhanced at higher pH ranges and vice versa (Zhu et al., 2021b). Here, acidity
constant (pKa) values of VFAs are considered as crucial in recovery success. The
pKa values of VFAs compounds are at about 4.75 (acetic acid), 4.82 (butyric acid),
4.88 (propionic acid), 4.84 (valeric acid), 4.8 (caproic acid), which implies that
higher recovery percentages will be observed at beyond pKa values as acids convert
to their dissociated forms. For instance, this concept can be verified through the
experimental study carried out by Han et al. (Han and Cheryan, 1995), who
recovered more than 75% of acetic acid at pH 6.8, but the recovery amount
significantly decreased to 10% when the pH was 2.7. This means that at higher pH,
the NF membrane becomes negatively charged and solute (acetic acid) transferred
to acetate, which is also negatively charged, thus electrostatic repulsion occurred and
retained percentages increased eventually. On the other hand, at lower pH solute
became positive in charge and is attracted to the negative membrane surface, thereby
decreasing the retention percentages. Although all VFAs compounds recovery
percentage showed higher at neutral to alkaline pH medium, interestingly, a study
by Xiong et al. (Xiong et al., 2015) reported that higher recovery percentage of
butyric acid is observed even in highly acidic medium of pH 3 and continues to
neutral pH. The relation between the recovery percentage and pH in NF/RO filtration
has been presented in references listed in Table 3.5-3.6.

It has been reported that size-exclusion was not the only mechanism dominating the
retention percentage. Maiti et al. (Maiti et al., 2012) used 150 Da PA, 400 Da and
150 Da PES membranes for acetic acid recovery and found that increased recovery
percentages were achieved at higher pH ranges. It should be pointed out that the
Stokes radius of acetic acid is 0.206 nm which is 0.5 times smaller than 100 and 150
Da membranes and 0.33 times smaller than 400 Da membrane. Therefore, the higher
recovery of acetic acid in an alkaline medium is influenced by other mechanisms
such as Donnan effect. Moreover, Zhang et al. (Zhang et al., 2018a) confirmed that
the charge effects primarily governed a higher recovery percentage of acetic acid at
pH 8 under the nanofiltration process. While the solution-diffusion mechanism
additionally influences the recovery percentages of VFAs in RO filtration.
Generally, the structure of the reverse osmosis membrane is composed of a
nonporous dense layer that plays a vital role in the recovery percentage of uncharged
molecules (Zhou et al., 2013b, Lyu et al., 2016).
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3.13.7 Operating temperature

The operating temperature can also affect the recovery percentage of VFAs during
pressure-driven membrane filtration. From the literature, it is evident that increasing
the temperature causes decrease in recovery percentages of VFAs (Table 3.4-3.6).
The lower recovery percentages of VFAs compounds are attributed to the higher
solute diffusion at an increased temperature, which assists in the transport of solute
over the membrane surface, enhancing the mass transfer rate obtained (Nilsson et al.,
2008, Snow et al., 1996). Additionally, the polymer structure in the active layer and
pore size of the membrane surface significantly changes at a higher temperature,
resulting in a low recovery of VFAs at a higher permeate flux. Regarding
nanofiltration, Lyu et al. (Lyu et al., 2016) reported that the recovery percentage of
acetic acid was reduced to 20% (at 45 °C) from 40% of the initial recovery rate at 15
°C by NF 90 membrane. Other types of membranes such as DK, DL, NF270, XN45
and TS40 showed low acetic acid recovery percentages (8-4%) at varied temperature
(15-45 °C). The same trend was also observed for reverse osmosis membranes, as
the recovery percentage of acetic acid was calculated >80% at 20 °C, but reduced to
below 70% at 35 °C (Liu et al., 2020a).

3.13.8 lonic strength

Effluent with high ionic strength, e.g. inorganic salts can alter the trend for the
selective separation of VFAs during membrane filtration (Choi et al., 2008, Zhu et
al., 2020b). Previous studies have reached different conclusions regarding the
recovery percentage of VFAs when a mixed effluent is used as feed (Table 3.4-3.6).
For instance, Xiong et al. (Xiong et al., 2015) achieved limited recovery percentage
of acetic and butyric acids when salts were added in the actual digestion liquor.
Adding salt increases the osmotic pressure in the solution, resulting in a higher
retention scheme of VFAs. Zacharof et al. (Zacharof et al., 2016) reported that
elevation in ionic strength improved the recovery percentages of acetic acid and
butyric acid. They used four types of salts (sodium carbonate, sodium bicarbonate,
sodium chloride and calcium chloride) at two different concentrations (50 mM and
100 mM). Synthetic VFAs mixtures containing salt solution showed an increased
recovery percentages for both concentrations. Although all salts provided
satisfactory results, among them, sodium bicarbonate and sodium chloride were the
dominant co-existing ions in terms of VFAS retention percentage. This was also
experimented on raw agricultural wastewater effluent containing salts where an
enhanced effect on butyric acid retention over acetic acid was observed (Zacharof et
al., 2016).
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4. DEVELOPMENT OF ELECTROSPUN
NANOFIBER MEMBRANES FOR FOOD
INDUSTRY WASTEWATER TREATMENT

This chapter explains the details of materials and chemicals, experimental setups and
analytical methods that have been used to build this research work. This part has
been divided into sections for a better understanding of Study | (application of
PES/HPC electrospun nanofibers membranes for food industry wastewater
treatment) and Study Il (application of PES/PAN electrospun nanofibers membranes
for food industry wastewater treatment).

4.1 One-step fabrication of novel polyethersulfone-based
composite electrospun nanofibers membrane for food

industry wastewater treatment

4.1.1 Introduction

Pollution of the world's water supplies has been noted as a major issue. Contaminants
in wastewater may include a wide range of substances such as microbes, colloids
and proteins as well as ions of heavy metals and dyestuffs. Among them, dyestuff-
contaminated industrial wastewater has significantly negatively impacted water and
land quality, human health, and the ecosystem. It is the most challenging compound
to remove from the industrial effluent streams because of having a stable and
complex structure (Pervez et al., 2020e, Morshed et al., 2020b, Pervez et al., 2019b).
Notably, the food industry uses a variety of dyestuffs for their manufacturing
purposes, and methylene blue (MB) is one of them. One of the most often utilized
dyes in the manufacture of consumer goods like roasters, cutlery and paper sheets is
MB (cationic azo dye). It may permanently harm the eyesight of people and animals
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alike by causing severe eye burns. Acute palpitations and wheezing may be caused
by some substances, which might exacerbate lung difficulties (Pervez et al., 2021c,
Jing et al., 2021b, Kaya-Ozkiper et al., 2022). The investigation of suitable
techniques for eliminating MB from wastewater discharge by the food sector is thus
of fundamental relevance.

Adsorptive removal of dyes from industrial effluents has particularly been identified
as one of the most workable and effective methods by virtue of its simplicity, high
efficiency and availability of pollutants capture sites in their structure (Hossain et
al., 2021a, Sharmaet al., 2022, Pervez et al., 2020b). As of today, electrospun-based
nanofibers membrane materials, usually with smaller diameters (less than 100 nm)
and higher surface area, have been used widely to replace traditional adsorbents.
Electrospinning process is carried out by applying an electric field (high voltage
power supply) in which the working solution contained syringe is connected to the
spinneret using a needle, and Taylor cone-formed indicates the development of
nanofibers membrane. After that, a stainless steel plate is used to collect the as-
synthesized nanofibers membrane. Till now, there are various polymers have been
applied to fabricate nanofibers membranes because of their feasibility in the
electrospinning process, meaning higher adjustability in diameter, alignment and
orientation in a linear form (Pervez et al., 2020f, Pervez and Stylios, 2018c, Pervez
and Stylios, 2018a, Xu et al., 2022, Talukder et al., 2021b).

Compared with other polymers, polyethersulfone (PES) rely on their suitable
thermal stability, mechanical strength and chemical resistance, making them a
suitable material in the realm of wastewater treatment. PES has long been used to
fabricate conventional commercial membranes because of their high permeability,
affinity and selectivity (Al-Ghafri et al., 2018, Talukder et al., 2022b, Pervez et al.,
2022a). Accordingly, electrospun-based PES nanofibers membranes are currently
applied on a large scale to remove pollutants from industrial effluents. For example,
Koushkbaghi and co-workers (Koushkbaghi et al., 2018) fabricated dual layers
chitosan/PVA/PES filled with aminated-FesO, nanoparticles for the removal of
Cr(VI) and Pb(ll) ions. The adsorption capacity was strongly affected by solution
pH, as such, pH 6 provides the maximum adsorption capacity for Cr(\VI) (while
lower pH was found to be suitable for maximum Pb(ll) ions. In a similar approach,
Zheng et al. (Zheng et al., 2022) prepared ionic liquid grafted polyethersulfone
electrospun nanofibrous membrane and demonstrated that developed membranes
could be multifunctional material such as exhibited dye, heavy metals and
antibacterial efficiency. Nevertheless, PES-based electrospun nanofiber membranes
showed some limitations, such as hydrophobicity, low solubility, and stability, which
need to be addressed in order to achieve satisfactory performance.
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Conversely, the usage of cellulose-based natural materials in electrospinning is on
the rise because of their functionality, durability, and uniformity. Among them,
hydroxypropy! cellulose (HPC), a non-ionic ether of natural cellulose, is a polymer
with temperature-dependent water solubility, excellent mechanical and thermal
stability, and good chemical characteristics. It is becoming more popular because of
its renewable ability, simplicity of manufacture, non-toxicity, and optical elements
(Wang et al., 2016). Besides, surface wettability with an aqueous medium, heat
resistance, and molecular transmission phenomena have been seen in HPC-based
electrospun nanofiber membranes, making them a desirable for wastewater
treatment. For instance, Soraya Hassanpour et al. (Hassanpour et al., 2019) reported
that methylene blue (MB) dye was adsorbed from an aqueous solution using a new
biocompatible adsorbent based on hydroxypropyl cellulose (HPC) and itaconic acid
nanogels. For phenol adsorption, composite hydrogels based on hydroxypropyl
cellulose (HPC) and graphene oxide (GO) were developed and employed with a
maximum adsorption capacity of 136.5 mg/g (Wang et al., 2018). However, no one
has yet reported on the synthesis and production of PES/HPC-based electrospun
nanofiber membranes and their use in wastewater treatment, thus further research is
needed.

The present study is, therefore, aimed to fabricate a unique PES/HPC composite
nanofiber membrane utilizing a one-step electrospinning scheme and then used for
the first time to remove the MB from an aqueous solution. Usually, selected
operational parameters such as initial solution pH, contact time, initial MB
concentration and ionic strength concentration were investigated carefully in order
to gain insights into the adsorption process.

4.1.2 Materials and methods

In this study, polyethersulfone (PES, Ultrason E 6020 P) with a molecular weight of
65800 g/mol was purchased from BASF SE (Ludwigshafen, Germany).
Hydroxypropyl cellulose (HPC, 99%, CAS no. 9004-64-2) was purchased from
Shanghai Honest Chem. Co., Ltd. (Shanghai, China). N,N-dimethylacetamide
(DMAC) (CAS No.:127-19-5) was obtained from TNJ Chemical Industry Co., Ltd,
Hefei, China. Methylene blue ( 95% pure), was obtained from Sigma Aldrich Co.,
Ltd. (Darmstadt, Germany). A nonwoven polyethylene terephthalate (PET) paper
was acquired from Guocheng Co. (Wuxi, China) and used as a collector for
electrospun nanofiber membranes in this experiment. Other materials and reagents
were employed without additional modification, and deionized (DI) water was used
throughout the whole experiment.
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One-step electrospinning

As shown in Figure 4.1, the PES/HPC nanofiber membranes were produced using
the one-step electrospinning process. A solution of pristine PES/HPC was prepared
by dissolving 10% PES (w/v) and 4% HPC (w/v) into 86 mL DMAc solution under
stirring for 4 h at room temperature. After that, the electrospinning process was
carried out on a laboratory size electrospinning machine (Foshan Lepton precision
measurement and control technology Co., Ltd., M06, Foshan, China) (Figure 4.2).
The prepared solutions were transferred to separate 20 mL syringe pumps. Each
solution was injected at a feeding rate of 1.0 mL/h under an applied voltage of 7.5
kV at 28°C. The distance between the needle tip and the stainless steel plate was
adjusted to 18 cm. The optimum electrospinning process conditions were determined
by preliminary experiments. The nanofiber membranes were removed from the PET
non-woven sheet and were placed in a vacuum dryer oven (Zhengzhou Keda
Machinery And Instrument Equipment Co., Ltd., Henan, China) for 5 hours at 60
°C, to remove the DMAC solvent. The pristine PES nanofiber membranes were also
made using the same procedure, for comparison purposes, but without the addition
of HPC.
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Figure 4.1 lllustration of one-step electrospinning nanofiber membrane fabrication
process

Figure 4.2 Image of the electrospinning nanofiber membrane fabrication commercial
machine.

Analytical methods

An NDJ-8S digital rotating viscometer was used to measure the solution's viscosity
(Movel Scientific Instrument Co., Ltd, Ningbo, China). The pH was determined by
a DZS-706A multi-parameter analyzer and the conductivity of the solution using a
conductivity meter (INESA Scientific Instrument Co., Ltd., Shanghai, China). A
professional DropMeter A-300 was used to measure the water contact angles of the
membranes (Kudos Instruments Corp. Newyork, USA). A Phenom desktop scanning
electron microscope was used to analyze the nanofiber membrane surface
morphologies (SEM, Thermo Fisher Scientific, Tokyo, Japan). Samples were gold-
sputtered and the accelerating voltage was 5kV prior to the acquisition of SEM
photos . The acquired SEM photos were utilized to analyze the fibre diameter
distribution behaviour of the membrane, which was processed using ImageJ software
(https://imagej.nih.gov/ij/download.htmL). Fourier transform infrared spectroscopy
(IR, Interspectrum, low noise DLATGS, FTIR-920; Estonia) was used to detect the
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presence of functional groups in the nanofiber membranes. The spectra were
collected within the wavenumber ranged from 400 to 4000 cm?. Thermal
gravimetric analysis (TGA) was carried out in a nitrogen environment with a heating
rate of 10%min using a TG 209 F1 Libra (Netzsch Instruments, Wolverhampton,
United Kingdom). The crystal structure of the membranes was determined using an
X-ray diffractometer (Empyrean, Malvern PANalytical, Worcestershire, United
Kingdom), with scans being taken from 26 =10° to 80°. The tensile strength of the
membranes was determined by using the tensile strength tester KD-III type BA-
100m (Transcll technology, Shenzhen, China).

Batch adsorption studies
Effect of solution pH

The effect of solution pH was investigated by following the experimental
procedures: a total of 10 mg weighted adsorbents were put into VWR centrifuge
tubes (polypropylene) holding 10 mL of 400 mg/L MB solution and magnetically
swirled for 24 hours at a speed of 200 r/min under different pH conditions (3-10), at
room temperature. The pH of the solution was adjusted by adding buffer solution
that had been previously made in the presence of 0.1 M HCI and NaOH. Following
each test, a predetermined quantity of solution was taken at certain intervals and
filtered through a 0.45 um membrane filter. A Perkin-Elmer Lambda 25 UV-Vis
spectrophotometer (Massachusetts, USA) was used to measure the concentration of
MB after that, at 200 — 800 nm wavelength range. The adsorption capacity of MB at
time t (g, mg/g) was calculated using the following equation (1) (Pervez et al.,
2021b):

_(CpCY)V (1)

! m
where Co (mg/L) and C; (mg/L) are the initial MB concentration and that at time t, V
(L) is the volume of MB solution, and m (g) is the adsorbent amount.

Effect of initial MB concentration

The effect of the initial concentrations of MB on the equilibrium adsorption capacity
by pristine PES and PES/HPC nanofiber membranes was examined. In order to
create workable solutions for the different batch experiments, the stock solution was
diluted in deionized water first. In order to assess the impact of MB concentration
on adsorption performance, a series of the identical procedures were carried out
under a range of different MB concentrations (200, 400, 600, 800 and 1000 mg/L)
at the neutral pH and room temperature.
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Effect of ionic strength concentration

In the presence of the produced pristine PES and PES/HPC nanofiber membranes, a
standard adsorption approach was used to evaluate the influence of ionic strength on
the adsorption capacity of MB. In a similar approach, 10 mg of adsorbents were put
into 10 mL of 400 mg/L MB solution at neutral pH by adding varying concentrations
of NaCl (0.1 M-0.5 M) and stirred for 24 hours.

Recyclability

The recyclability of the adsorbents was determined by soaking them ina2 mM HCL
solution for 6 hours at room temperature. Five regeneration cycles were carried out
under identical experimental conditions, with each tested adsorbent being washed
twice with DI water and then prepared for the next adsorption cycle. Following that,
the concentration of MB was measured in order to determine the adsorption capacity
of the membrane.

4.1.3 Results and Discussion
SEM

SEM images were used to determine the analysis of morphological traits of
electrospun nanofiber membranes made of PES and PES/HPC, respectively (see
Figures 4.3a and b). Regarding average diameter distribution, the smooth surface of
the pristine PES nanofiber membrane is characterized by homogeneous high in
diameter fibers with a diameter of 261.5 nm (Figure 4.3c). The surface of the
PES/HPC nanofiber membrane, on the other hand, has lower diameter fibres
(average diameter approximately 168.5 nm) under the same process conditions and
only after anchoring HPC, resulting in a more homogeneous structure with more
compact fiber stacking (Figure 4.3d). In addition, the reason behind this phenomenon
might be described by decreasing the solution viscosity (PES, 2268 mPa/s and
PES/HPC, 1845 mPa/s), which in turn reduces the nanofiber diameter, increasing of
solution conductivity (PES, 1.6 mS/cm and PES/HPC, 2.2 mS/cm), also has the same
effect of reducing fibre diameter, as reported elsewhere (Tan et al., 2005, Wang et
al., 2010). Composite polymer nanofiber membranes with smaller diameters have a
high specific surface area at a given volume than those with a higher diameter, and
hence more active sites to adsorb more organic pollutants during the adsorption
(Metwally et al., 2018, Pervez et al., 2021f).
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Figure 4.3 SEM images and average diameter distribution of pristine PES (a, ¢) and
PES/HPC (b, d) nanofiber membranes.

FT-IR

FTIR is well-known for its effectiveness in interpreting structural data, by providing
the vibrational band's shape, intensity and changes of environmental and
conformation characteristics at the molecular level of polymers. Figure 4.4 depicts
the FTIR spectra of the pristine PES and the blended PES/HPC electrospun nanofiber
membrane. From the spectrum of pristine PES nanofiber membrane, it was noticed
that, the absorption peaks appeared at 710 cm™ and 820 cm™ , assigned to CH; bond
C-H stretching, respectively. The characteristic bands of functional groups at 1106 -
1150 cmt, 1319 cm?, 1568 cm™?, 1670 cm™, and 1750 cm™ correspond to O=S=0,
C-O stretching, C=C stretching, N-C=0 carbonyl vibrations and C=0 stretching,
respectively (Zhang et al., 2013a). The stretching vibration of aromatic C-H groups
is also responsible for the two prominent absorption broader peaks observed at 2830
cm™and 3250 cm™ (Homaeigohar et al., 2010a). The absorption peaks of the blended
PES/HPC membrane are almost identical to those of the pristine PES nanofiber
membrane, except for smaller additional peaks across the blended membrane
spectrum, For example, the wide absorption peak at 3583 cm is attributed to the
OH stretching vibration of free hydroxyl and hydrogen bonds. After that, a shoulder
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peak at 1635 cm™ (C=0 stretching), 1164 cm™! (C-O asymmetric stretching) and two
consecutive sharp narrow peaks were counted at 895 cm™ (C-O deformation and -
CH: rocking) and 726 cm™ for twisting of O-H, which are typical of the nature of
HPC polymer (EI-Wakil et al., 2010, Guirguis and Moselhey, 2013). Based on these
findings, it can be concluded that the successful interaction between PES and HPC
was dominated by physical contact rather than a chemical reaction.

- 3583

[ ——PESHHPC 708

Transmittance (%)

3250/

2830 156877310

820
_ pEs 1150 820

T | T T T T ' T T T ' T T
4000 3500 3000 2500 2000 1500 1000 500
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Figure 4.4 FTIR spectra of PES and PES/HPC nanofiber membranes.

XRD

Figure 4.5 shows the XRD patterns for the pristine PES and PES/HPC blended
electrospun nanofiber membrane. Due to the amorphous nature of PES polymer, the
pure PES nanofiber membrane displayed a strong characteristic peak at 26=13.54°.
Also, there was another peak that emerged at 260= 43.14° because of the second
carbon pair existence in the neighbouring chain (Laghaei et al., 2016a). The effect
of the addition of HPC on the blended PES/HPC nanofiber membrane did not show
any major changes with a broader peak at 26=12.44°. It is considered that the
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somewhat ordered amorphous phase of the HPC is responsible for the wide peak at
260 = 20.1°, while the crystalline phase of the main chain backbone-backbone d-
spacing corresponds to the peak at 26= 8.94° (Halamus et al., 2008).

—— PES/HPC

B 12.44

Intensity (a.u.)

5 10 15 20 25 30 35 40 45 50 55 60
20 (degree)

Figure 4.5 XRD pattern of PES and PES/HPC nanofiber membranes.
TGA

Figure 4.6 displays the results of a TGA profile on the thermal stability of the pristine
PES and the blended PES/HPC electrospun nanofiber membranes, and now
receiving particular attention. The pristine PES nanofiber membrane exhibited three
phases of weight loss, whereby the weight loss in the first phase (30-100°C) was less
than 5%, because of water molecules evaporation that had been physically attached
to the polymer backbone chain. Following that, elimination of the leftover solvent
from the pristine nanofiber membrane surface occurred during the second phase
degradation, which took place between 140 and 400°C, and resulted in a weight loss
of 21%. And when deterioration reached a temperature between 496 and 673°C,
where, the ether bond (C-O) fracture of the pristine PES nanofiber membrane caused
the greatest weight loss (around 54%) (Ayyaru and Ahn, 2018b). The case of the
PES/HPC blended electrospun nanofiber membrane is interesting; it exhibits a two-
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phase thermal degradation pattern; a modest weight loss between 1%-5% was
detected during the first phase (30-100°C) due to moisture evaporation, and the major
weight loss occurred from 285 to 650°C (around 71%), with a maximum degradation
peak found at 355°C which was much lower, than the HPC polymer reported in the
literature (Huang et al., 2013). Overall it has been observed that the blended
PES/HPC nanofiber membrane demonstrated better thermal performance (total
weight loss 76%) compared to the pristine PES nanofiber membrane (total weight
loss 80%), which is consistent with earlier studies that found blended nanofiber
membranes to be acceptable for thermally coupled wastewater applications (Awad
etal., 2021b).
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Figure 4.6 TGA curves of PES and PES/HPC nanofiber membranes.

Mechanical property

The mechanical properties of the electrospun NM have been proven to be critical in
wastewater treatment (Bae et al., 2016b). The mechanical characteristics between
pristine PES and blended PES/HPC nanofiber membranes were examined in this
study using tensile studies , and the findings are presented in Figure 4.7. A larger
strain percentage (27.12%) was observed in the pristine PES nanofiber membrane,
although the tensile strength of the membrane was much reduced (around 3 MPa). A
30.2% increase in tensile strength (3.82 MPa) was seen in the blended PES/HPC
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nanofiber membrane, as compared to the pristine PES nanofiber membrane,
demonstrating that the intercalation of HPC into the PES matrix significantly
improves intermolecular interaction. Additionally, because of the presence of
surface hydroxyls, it is possible to increase the number of physical or chemical cross-
linking sites, which is favourable to mechanical qualities (Wang et al., 2019d). Also,
a larger number of nodes may be found in the fiber pores thanks to a reduction in the
overall diameter of the blended PES/HPC nanofiber membrane due to HPC inclusion
(increased surface area), resulting in higher tensile strength.
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Figure 4.7 Stress-strain curve of PES and PES/HPC nanofiber membranes.
Hydrophilicity

The membrane's surface wettability, particularly hydrophilicity, is thought to be a
significant characteristic for improving water purification performance (Bui and
McCutcheon, 2013a). In this study, the hydrophilicity of two electrospun nanofiber
membranes was assessed by measuring their contact angle. For the pristine PES
electrospun nanofiber membrane, the contact angle was 81.10+1.3° (Figure 4.8a),
which indicates that the membrane had less hydrophilicity with a rough surface
(Figure 4.8c). A lower contact angle of 55.4+0.9°, was found for the blended
PES/HPC electrospun nanofiber membrane, indicating that the membrane is more
hydrophilic and smooth surface (Figure 4.8b and d). The contact angle of the
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membranes tend to decrease when HPC polymer is added to the solution, as reported
in a previous study by Gradinaru et al. (Gradinaru et al., 2020). Overall, this study
implies that because of their hydrophilicity, PES/HPC membranes will adsorb more
dye molecules, utilizing high porosity behaviour to generate a stronger affinity
between water/dye and membrane surface (Wang et al., 2019b, Wang et al., 2018).

(a) I 81.10+1.3° (b) l 55.4+0.9°

‘, L (U —_—
Hydrophobic Hydrophilic
(c) Rough surface (d) Smooth surface

Figure 4.8 Water contact angle of pristine PES (a) and PES/HPC nanofiber
membranes with their surface states (c) and (d), respectively.

MB adsorption studies
Effect of initial concentration

The adsorbent's binding sites are influenced by the initial dye concentration, which
has an indirect effect on dye adsorption capability. Consequently, the adsorption
capacity was tested under optimum condition at various starting concentrations
ranging from 50-1000 mg/L. The adsorption capacity of both adsorbents is favorably
influenced by the starting concentration, as can be shown in Figure 4.9. The fast
adsorption capacity (43.47-186.12 mg/g) of a PES/HPC blended nanofiber
membrane was seen with an increase in starting concentration from 50-400 mg/L
while further increasing concentration of up to 1000 mg/L, resulted in a slightly
increased adsorption capacity of 198.78 mg/g. When the concentration is more than
400 mg/L in both scenarios, a reasonable increase in adsorption capacity indicates
that equilibrium has been attained. A similar pattern was seen for the pristine PES
nanofiber membrane, although the adsorption capacity was relatively low throughout
the entire varied concentrations, with the highest capacity of 41.02 mg/g was
achieved at 400 mg/L. This result indicates that an increase_in concentration
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promotes mass transfer, which in turn raises the driving force for MB adsorption.
MB molecules are also transported in significant numbers from the aqueous phase
to the nanofiber membrane's solid surface, resulting in an increased adsorption
capacity (Li et al., 2020Db).
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Figure 4.9 Effect of initial concentrations on the MB adsorption capacity of PES and
PES/HPC nanofiber membrane.

Adsorption Kinetics

The study of adsorption Kinetics is crucial for determining the rate constant of the
whole adsorption process in relation to contact time. Therefore, the kinetic behaviour
of MB adsorption onto PES and PES/HPC membranes was studied, with the findings
shown in Figures 4.10a and b, respectively. At the start of the experiment, the
adsorption rate was quick, but it steadily slowed as the duration continued, until it
reached equilibrium. The equilibrium for MB adsorption is attained in 2080 min and
it takes 1440 min with PES, but only 840 min with the PES/HPC, whereby 75% of
MB is adsorbed within 360 min. These findings show that the introduction of HPC
into PES resulted in a surface area with more MB-capture active sites.
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Figure 4.10 Pseudo-first-order kinetic model and pseudo-second-order kinetic model
for the MB adsorption on PES (a) and PES/HPC (b).

Moreover, nonlinear pseudo-first-order (PFO) (equation 2) and pseudo-second-order
(PSO) (equation 3) models were used to explain adsorption kinetics.

Q: = Qe(l - e_klt) 2
Q= from @)

Where gt (mg/g) represents the adsorption capacity of MB at any time t; k; (min)
and k2 (g/mg/min) are the Kinetic rate constants for the Pseudo-first order and
Pseudo-second order, respectively.

Figure 4.10a and b, illustrates the fitted curves, with the fitted values reported in
Table 4.1. For PES, PSO had a higher correlation co-efficiency PSO (R?= 0.9965)
than PFO (R?= 0.9893). When the PES/HPC blended nanofiber membrane was
present, the correlation co-efficiency of PFO (R?= 0.9995) was lower than that of
PSO (R?= 0.9908) in terms of R2. MB adsorption onto PES and PES/HPC nanofiber
membranes was found to be well-fitted by the PSO kinetic model, suggesting that
the adsorption process of MB is dominated by the chemisorption mechanism, in
which electron exchange occurs between the adsorbent and arsenic molecule binding
sites, rather than by the electrostatic mechanism. Previous investigations have also
shown that the pseudo-second-order kinetic model for MB adsorption may have a
good fitting. For example, Luo et al. (Luo et al., 2021) observed that the adsorption
of MB follows a second-order kinetic model when they used cellulose nanofiber-
based highly flexible compressible super assembled aerogel. Based on our research,
it can be concluded that the PES/HPC nanofiber membrane demonstrates
outstanding molecular adsorption performance of MB in a short period of time,
making it suitable for practical use.
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Table 4.1 Kinetics parameters for MB adsorption.

Samples Pseudo-first order Pseudo-second order
Kl qe RZ K2 qe R2
(min)  (mg/g) (9/mg/min) - (mg/g)

PES 0.0034 35.31 0.9893  0.0001 419531  0.9960

PES/HPC 0.0101 183.32 0.9908 0.0004 195.0212 0.9995

Adsorption isotherms

Adsorption isotherms are a key factor in the adsorption process. Using this scheme,
the maximum adsorption capacity could be identified by determining the relationship
between adsorbent and adsorbate equilibrium concentration. Herein, the adsorption
behaviour is investigated using two widely used nonlinear isotherm models, namely
the Langmuir model (equation 4) and Freundlich model (equation 5). The Langmuir
fitted model indicates that the adsorption process occurs monolayer onto the
homogeneous solid adsorbent surface, while the Freundlich fitted isotherm model
indicates that the adsorption process occurs multilayer onto the heterogeneous solid
adsorbent surface (L6pez-Luna et al., 2019a, Talukder et al., 2021d).

__ dmaxKkLCe
Qe - 1+ki,Ce (4)
Qe=KgCc!" 5)

Where gmax denotes the maximum adsorption capacity of MB (mg/g); K. represents
the constant of the Langmuir equation, Ce used for the measurement of solution
concentration at equilibrium; 1/n highlights the intensity of the adsorption, and KF
indicates the constant of the Freundlich equation.

A set of fitted curves can be shown in Figure 4.11, while a list of derived isotherm
parameters can be found in Table 4.2. Based on the correlation co-efficiency values
(R?), the adsorption isotherms for both membranes were consistent with the
Langmuir isotherm model, demonstrating monolayer adsorption on the
heterogeneous surface of adsorbents (Hossain et al., 2021a). According to, the
PES/HPC nanofiber membrane has a maximum MB adsorption capacity of 259.74
mg/g, while the pure PES nanofiber membrane has a capacity of just 48.00 mg/g.
This implies that the PES/HPC nanofiber membrane considerably increased the
adsorption capacity of MB, which is integrated with the K. value of the adsorbent,
since a higher K, of the adsorbent results in improved adsorption performance at low
concentration (Cao et al., 2012b). Table 4.3 compares our adsorbent to other
adsorbents for MB adsorption and shows that PES/HPC has an excellent adsorption
capacity and it is much higher than others. The exceptional performance of the
PES/HPC nanofiber membrane might be explained by the presence of sulfonic and

88



4. Development of electrospun nanofiber membrane for food industry wastewater treatment

hydroxyl groups on the membrane's surface, which interact with the cationic site of
MB electrostatically. This shows that the PES/HPC nanofiber membrane may be a
highly efficient adsorbent for removing pollutants from wastewater.
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Figure 4.11 The adsorption isotherms of MB by PES (a) and PES/HPC (b) according
to Langmuir and Freundlich equations.

Table 4.2 Adsorption isotherms parameters for MB.

Samples Langmuir Freundlich
Qmax KL R? Kr 1n R?
(mglg) (L/mg) (mglg)
PES 48.0076 0.0026 0.9913 1.0012 0.5211 0.9747
PES/HPC 259.7402 0.0049 0.9984  10.1847 0.4593 0.9693

Table 4.3 Comparison of the MB adsorption capacity with previously reported

literature.
Adsorbent Optimu  Optimu  Kinetic Isotherm  Qgmax Ref.
m MB m pH S (moalg)
conc.
(mg/L)
Cellulose nanofibrils 100 9.0 - Langmuir 122 (Chan et al.,
2015)
Deacetylated 50 6.5 2nd Langmuir 88.2 (Cheng et
cellulose acetate order al., 2020)
(DA)@polydopamin
e (PDA) nanofibers
Graphene/TEMPO- 100 6.5 2nd Langmuir 227.27 (Hussain et
Oxidized Cellulose order al., 2018)
nanofibrous
Cellulose citrate 100 3.0 2nd Langmuir 96.2 (Olivito et
order al., 2021)
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Hydroxypropyl - - 2nd Freundlic 1184  (Liu et al,
cellulose order h 2015b)
(HPC)/graphene
oxide hydrogels
Cellulose sponge 30 7.0 2nd Langmuir 123.46 (Ma et al.,
order 2020a)
Vanadium pentoxide 1 10 2nd Freundlic 85% (Homaeigoh
(V20s) order h ar et al,
nanoparticles/PES 2016a)
PES nanofibers 400 7 2nd Langmuir 48.0 Present
order work
PES/HPC nanofibers 400 7 2nd Langmuir 259.74 Present
order work

Adsorption mechanism

The pH of the solution pH has been thought to be important because the surface
charge of adsorbents and the adsorbate are very dependent on pH values determining
the adsorption performance. Consequently, the MB adsorption capacity was
examined in the presence of PES and PES/HPC nanofiber membranes at different
pH values ranging from 3 to 10, and the findings are shown in Figure 4.12. With
respect to both membranes, the pH range between 3 and 5 was found to be steady
while the pH value rose from 5 to 7 and then progressively attained the greatest MB
adsorption capacity between 7 and 10 for both membranes. Particularly, the highest
adsorption capacity of MB was 33.68 mg/g and 147.09 mg/g for PES and PES/HPC,
respectively, at neutral pH, which is in line with previously published research (Yue
et al., 2019). The reason for these results can be explained as follows; (1) the
protonation behaviour of existing functional groups causes the nanofiber membrane
surface to become positively charged at acidic pH. As a result of electrostatic
repulsion between the positively charged membrane surface and the cationic MB
molecules, adsorption uptake was decreased, (2) On the contrary, when the pH is
changed to neutral or alkaline, the nanofiber membrane surface charge exhibits
greater negativity, leading to a higher adsorption capacity. In the case of the blended
PES/HPC membrane, sulfonic and hydroxyl groups deprotonate at neutral pH,
resulting in the membrane's negative charge (Ding et al., 2016). Overall, it was
shown that at higher pH levels, the PES/HPC membrane developed an electrostatic
attraction ionic interaction with the positive-charged MB molecules, which resulted
in a tendency towards a larger adsorption capacity, especially at neutral pH levels.
Furthermore, the zeta potential, as shown in Figure 4.12 (inset), provides additional
evidence of these occurrences. For PES and PES/HPC nanofiber membranes, the
point of zero charge (pzc) was observed at pH 6.3 and 5.5, respectively. Thus, both
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membranes have a positive <pzc and negative >pzc surface charge, with the
negatively charged surface favouring adsorption through electrostatic attraction, as
is evident in our experimental study.
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Figure 4.12 Effect of pH on the MB adsorption capacity.

Based on the above discussion, the tentative adsorption mechanism was depicted in
Figure 4.13. In adsorption, dye is adsorbed by the nanofiber membrane, and it is
essential to establish the mechanism that provides this desired adsorption capacity.
Sulfonyl functional groups are enriched in the backbone of the polyethersulfone
compound and interact with a cationic MB dye through various forces such as
electrostatic interaction, hydrogen bond, IT-IT interaction, and others (Zhou et al.,
2022). The presence of sulfone groups, which are more polar than ether groups,
results in a more charged exchange between the adsorbent and adsorbate, thus
enhancing electrostatic attraction and leading to a noticeable improvement of
adsorption capacity for the PES/HPC nanofiber membrane (Baig et al., 2021). It is
worth mentioning that the synthesized PES/HPC nanofiber membrane demonstrated
improved adsorption capability at neutral pH, which implies that the blended
membrane surface includes a significant number of oxygen-containing functional
groups, which are deprotonated at higher pH and facilitate electrostatic adsorption.
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The addition of HPC also provided hydroxyl groups and facilitated the adsorption
process by making both electrostatic interaction and hydrogen bonding and
contributed to the adsorption process. Furthermore, the presence of ionic strength
decreased the adsorption capacity (Table 4), which is another proof that the
electrostatic interaction was dominant for MB adsorption by the blended PES/HPC
nanofiber membrane.

@ O - o
PES  HPC I

............. Electrostaticinteraction

Negatively surface charged
PES/HPC nanofiber membrane

— — — - Hydrogen bond

Adsorption process

Reaction conditions:
pH: 7, Temp: 24-25 degree, MB Conc. 400 mg/L,
Adsorbentweight: 10 mg

Before adsorption _

Figure 4.13 Proposed adsorption mechanism of MB in the presence of PES/HPC
nanofiber membrane.

Effect of ionic strength

A wide range of contaminants such as suspended and dissolved chemicals, acids or
alkalis, salts, metal ions, and other hazardous substances may be found in food
manufacturing wastewater. The presence of ions raises the ionic strength of the
solution, which might affect the efficacy of the adsorption process. Thus, NaCl was
added to the solution in variable concentrations to study the influence of ionic
strength on the adsorption capacity of MB in PES, and PES/HPC nanofiber
membranes and the obtained results are shown in Table 4.4. It was noticed that when
the concentration of NaCl was increased, the MB adsorption capacity was reduced
simultaneously. This could be attributed to the evolving of electrostatic repulsion
between dye molecules and negatively charged adsorbent surfaces at higher NaCl
concentrations, as Na* ions of NaCl compete for binding sites on the membrane
surface with cationic MB, less adsorption occurs. A similar phenomenon was also
observed for MB adsorption on a cellulose-based bio adsorbent, as reported by Liu et al. (Liu
et al., 2015a).
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Table 4.4 Effect of NaCl concentrations and recyclability tests on MB adsorption
capacity by PES and PES/HPC nanofiber membrane, respectively.

Samples Control, Qe NaCl Concentrations (M) , Qe (mg/g)

(mg/g)
0.1 0.2 0.3 0.4 0.5
PES 32.47 29.44  27.34 23.77 21.88 20.44
PES/HPC  185.45 182.32 180.21 179.15 178.05 177.25
Cycles, Qe (mg/g)
1 2 3 4 5
PES 32.47 30.17  27.14 24.05 22.13 20.45
PES/HPC  185.45 183.12 181.88 178.18 176.21 174.85

Reusability

Commercially accessible adsorbers can only compete if they can be used repeatedly
and can be regenerated. Adsorbents are judged to be effective based on the presence
of these characteristics. As a result, a series of experiments were carried out
employing PES and PES/HPC membranes for up to five cycles under optimum
conditions (Table 4.4). According to the results, the original PES nanofiber
membrane lost 32.2% of its adsorption capacity after five cycles, but the PES/HPC
nanofiber membrane lost only 4.5%, indicating that the blended PES/HPC
membrane is more reusable. For the PES/HPC nanofiber membrane, the smaller fiber
diameter (resulting in a greater surface area) and increased hydrophilicity are
credited with its exceptional performance. Given its high recyclability, the PES/HPC
nanofiber membrane adds another important property in its wastewater treatment
adsorption capacity.
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4.2 Fabrication of polyethersulfone/polyacrylonitrile
electrospun nanofiber membrane for food industry

wastewater treatment

4.2.1 Introduction

The wastewaters discharged from the food industries show a broad variety of
compositions and strength, since the items produced vary and the raw materials used
are different. Typically, food industrial wastewater effluent has a moderate to high
biological oxygen demand (BOD) and chemical oxygen demand (COD), high
concentrations of dyestuffs, dissolved and suspended particles, oils, greases, as well
as, a very high nutritional content, including phosphorus- and nitrogen-containing
compounds (Pervez et al., 2021d, Jing et al., 2021c). Dyestuffs are among the most
stable compounds with various complex structures that are difficult to remove from
effluent. In addition, dye-contaminated effluent shows an adverse impact on the
water/Land, human health, and our ecosystem (Pervez et al., 2020d, Morshed et al.,
2020a, Pervez et al., 2019a, Pervez et al., 2022b). Thus, it is essential to build an
appropriate technique for the effective treatment of dye-contaminated food industry
wastewater.

Several technologies have been applied for the removal of dyes from wastewater,
such as coagulation (Wei et al., 2015), biological (S Lopes et al., 2020) or catalytic
oxidation (Liu et al., 2017) and membranes purification (Pervez et al., 2020a) that
have been applied for the treatment of dye in wastewater. Among them, the use of
nanofiber membrane has received particular attention from the scientific community
because of its easy application, high efficiency and the potential economic
feasibility. A typical nanofiber membrane shows a large surface area, small diameter
(less than 100 nm) and a high porosity that may provide easily accessible binding
sites to tailor its performances, especially in water treatment (Pervez et al., 2020g,
Pervez and Stylios, 2018d). Electrospinning is now one of the most appropriate and
efficient ways for preparing nanofibrous membranes, as compared to other
processes, because it has good repeatability, good scalability, excellent versatility
and operation flexibility. In general, a polymer solution is loaded into a syringe
which is connected through a tube into the spinneret (needle) and a high voltage

94



4. Development of electrospun nanofiber membrane for food industry wastewater treatment

assisted Taylor cone-formed between the grounded collector and the needles,
produces nanofiber webs with certain properties. The grounded plate can be made of
stainless steel or copper for collecting the nanofiber membrane and prepared for
further investigation (Pervez and Stylios, 2018b, Talukder et al., 2021a, Talukder et
al., 2021c).

Various polymers have been employed for the fabrication of electrospun nanofibers
membranes with high efficiency of sequestration of pollutants from wastewater (T.
M et al., 2021b). Polyethersulfone (PES) is a high-performance aromatic polymer in
which aromatic groups are joined in para positions together by sulfone and ether
groups to form the fundamental repeating unit of the polymer backbone (Al-Husaini
et al., 2021a). PES-based materials have widely been used to make conventional
membranes because of their outstanding film-forming ability, chemical resistance,
mechanical and thermal stabilities. Conventional PES membranes are typically not
identical on both sides of their surface and their ultimate structure is influenced by
operational parameters (Barth et al., 2000, Talukder et al., 2022a). Additionally, PES
has been also utilized as a popular raw polymeric material for the production of
electrospun nanofiber membranes, benefiting from its good spinnability, good
mixing nature and reduced agglomeration propensity. Recently, PES-based
electrospun nanofiber membranes have found application for removing pollutants
from contaminated water. Bornillo et al. (Bornillo et al., 2020) fabricated PES-
poly(2-(dimethylamino)ethyl methacrylate) composite electrospun nanofiber
membrane and tested its adsorptive ability of heavy metal from wastewater with a
maximum adsorption capacity for copper(Il) of 161.30 mges/g at neutral pH.
Similarly, Min and co-workers (Min et al., 2012) prepared micro structured PES-
based electrospun nanofiber membranes investigating their efficiency for the
removal of heavy metals and dyes from water. After conducting a series of
adsorption tests, they observed maximum adsorption capacities of 161 mgc./g and
1000 mgoye/g, respectively for copper (11) the Sunset Yellow FCF dye, where the pH
resulted as the most critical factor in determining the adsorption capacity.
Comparably, Schafer et al. (Schéfer et al., 2018) developed B-Cyclodextrin-PES
composite nanofibers and found that the addition of B-cyclodextrin to PES polymer
enhanced hormone adsorption performance significantly, with 3.2 to 3.7 x 10°
ng/cm? for PES and 11.5 to 29 x 10-° ng/cm? for PES combined with B-cyclodextrin.
The application of PES nanofiber for membrane water purification is often criticized
for the lacking of functional groups and thus the reduced hydrophilicity of this
polymer (Nasreen et al., 2013). The blending of PES with other functional
components preserves the above-mentioned properties of this polymer, disclosing
novel materials with even unexpected features. Blending is a key process for
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obtaining new qualities in polymeric materials while minimizing the steps of the
process and the associated costs. Polyacrylonitrile (PAN) has been long used to
prepare traditional membranes for water treatment due to its outstanding mechanical
and thermal stability and the relative chemical properties. PAN-based electrospun
nanofiber membranes have shown interesting characteristics such as surface
wettability with water, heat resistance and molecule transmission phenomena, which
make them a suitable membrane in wastewater treatment. Previous reports state that
the adsorption capacity of the composite nanofiber membrane is increased after
incorporating PAN as a copolymer. For instance, Aijaz et al. (Aijaz et al., 2021)
synthesized magnetic/polyetherimide-acrylonitrile composite nanofiber membranes
used for nickel ions removal from aqueous solutions. They reported that the
developed composite membrane exhibited a higher amount of adsorption capacity
(102 mgni/g) which maybe achieved because of PAN matrix inclusion. In a
comparative study, pure chitosan nanofibrous membrane adsorption capacity was
872 mgpye/g for acid blue-113 (Li et al., 2018), but after being coated with PAN the
maximum adsorption was increased to 1708 mgpye/g. Noteworthy, previous studies
found that PES/PAN composite blended membranes showed improved
morphological and physicochemical properties, fouling resistance and increased
permeation capacity (Ling and Chen, 1995, Amirilargani et al., 2012, Reddy and
Patel, 2008). However, the synthesis of PES/PAN based electrospun nanofiber and
their application for wastewater treatment is rarely reported in the literature, and
deserves further investigations.

Taking into account the above-discussed considerations, we may assume that the
customary anchoring of hydrophobic polymer may result in improving the water
purification performance of the PES nanofiber membrane. In the present study, a
novel PES/PAN composite electrospun nanofiber membrane was prepared using a
general nanofiber membrane development protocol and applied to remove
methylene blue (MB) from aqueous solutions for the first time. MB was chosen
because it is a popular cationic azo-dye used to produce foodstuffs such as roasters,
cutlery, paper sheets, food packing, and food additives. However, due to its harmful
impact, this type of colour may be regarded as a pollutant. It creates eye burns and
can harm the eyes of people and animals irreversibly. People with pulmonary issues
may have severe palpitations or wheezing after breathing (Zhu et al., 2018). Hence,
it is worth researching the effective clearance of MB from food industrial wastewater
effluent. Various characterization techniques such as scanning electron microscopy
(SEM), Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA), x-ray diffraction (XRD) and contact angle were used for the determination
of the structure-property relationship of the as-prepared composite nanofiber
membrane. Adsorption performances were studied in detail, including kinetics and
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isotherm investigations, as well as the influence of inorganic anions and reusability.
Finally, an adsorption mechanism was proposed in order to fully understand the
adsorption process of this material.

4.2.2 Materials and methods

In this study, polyethersulfone (PES, Ultrason E 6020 P) was obtained from BASF
SE (Ludwigshafen, Germany) with a molecular weight of 65.8 kDa. Polyacrynotrile
(PAN, 99%) was purchased from Shanghai SSS Reagent Co., Ltd., (Shanghai,
China). N,N-dimethylacetamide (DMAc) (CAS No.:127-19-5) was obtained from
TNJ Chemical Industry Co., Ltd, Hefei, China. Methylene blue (>95%) was bought
from Sigma Aldrich Co., Ltd. (Darmstadt, Germany). Non-woven polyethylene
terephthalate paper was obtained from Guocheng CO. (Wuxi, China) and employed
as an electrospun nanofiber membrane cover of the collector. Deionized (DI) water
was used throughout the experimental procedures. Other materials and reagents,
unless otherwise stated, were used directly without any further modification.

Fabrication of electrospun nanofiber membrane-based adsorbents

The fabrication of the electrospun nanofiber membrane, depicted in Figure 4.14,
requires the preparation of a polymer solution obtained by compounding in DMACc
(86 mL), PES (12 wt%) and PAN (2 wt%) by stirring for 4 h at room temperature.

— PES PAN >
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.O‘ PES ey {{' . "" ’ PES/PAN

4 N Vf‘\. K —g{; .
Solution preparation
DMACc (86 ml), 4 h, room temperature
N ~NS

PES electrospun nanofibers PES/PAN elctrospun

membrane nanofibers membrane

Electrospinning

Figure 4.14 lllustration of electrospun nanofiber membrane fabrication process
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The prepared solution was transferred into a 20-mL plastic syringe connected to a
metallic needle (20 gauge). During the electrospinning, solutions were injected at a
flow rate of 0.8 mL/h (maintained by a syringe pump) under an applied voltage of
15.5 kV at 28 °C. When a Taylor cone was observed, the successful preparation of
electrospun nanofiber was confirmed and finally, a nanofiber mat was collected onto
the non-woven PET fabric which was placed at 18 cm distance from the needle tip.
The whole experimental process required 3 h. The formed nanofiber membranes
were separated from the PET non-woven sheet. The membranes were dried in
vacuum at 60 °C for the removal of the solvent. PES nanofiber membrane was
prepared by following the same protocol in the absence of PAN.

Instrumentation and methods

The electrospinning process was performed with a laboratory scale electrospinning
machine (Foshan Lepton precision measurement and control technology Co., Ltd.,
MO06, Foshan, China). Solution pH values were measured through a DZS-706A
multi-parameter analyzer from INESA Scientific Instrument Co., Ltd., (Shanghai,
China). The solution's viscosity and conductivity were measured using an NDJ-8S
digital rotating viscometer (Movel Scientific Instrument Co., Ltd, Ningbo, China)
and a conductivity meter (INESA Scientific Instrument Co., Ltd., Shanghai, China),
respectively. Water contact angles of the as-prepared membranes were determined
using a professional DropMeter A-300 from Kudos Instruments Corp. (Newyork,
USA). Surface morphologies of the nanofiber membranes were analyzed by a
Phenom desktop Scanning Electron Microscope (SEM) from Thermo Fisher
Scientific (Tokyo, Japan) at accelerating voltage of 5kV. The samples were gold-
sputtered before SEM image collection. Fiber diameter distributions were
determined using the ImageJ software (National Institute of Health, USA). Fourier
transform infrared (FT-IR) spectra were acquired with a low noise DLATGS FTIR-
920 spectrophotometer from Interspectrum (Estonia) in the wavenumber range 400-
4000 cm™. Thermogravimetric analysis (TGA) was carried out under protective
nitrogen atmosphere with a TG 209 F1 Libra from Netzsch Instruments
(Wolverhampton, United Kingdom) at a heating rate of 10 °C/min. X-ray diffraction
patterns were determined by an Empyrean diffractometer from Malvern PANalytical
(Worcestershire, United Kingdom) in the 20 range 10-80°. Tensile testing was
performed with a KD-111 model BA-100m dynamometer from Transcll Technology
(Shenzhen, China).

Adsorption studies
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MB concentrations were determined by using the absorbance at wavelength of 664
nm with a Perkin-Elmer Lambda 25 UV-Vis spectrophotometer (Massachusetts,
USA). The aliquots of the MB solutions were filtered through a 0.45 pm PTFE
membrane before UV-Vis analysis. The instrumental calibration was performed by
analyzing MB solutions with known concentrations obtained by progressive dilution
of a MB standard solution (1000 mg/L). The adsorption experiments were carried
out in batch-mode for MB solutions in the presence of the prepared nanofiber
membranes. The investigation on the effect of pH (2, 4, 6, 7, 8 and 10) was carried
out as follow. 10 mg of adsorbent were introduced into a polypropylene centrifuge
tube containing 10 mL of a pH-buffered solution MB (400 mg/L) and stirred for 24
h at room temperature. The investigations on the influence of MB concentration
(200, 400, 600, 800 and 1000 mg/L) on adsorption performance were similarly
performed. The effect of inorganic anions (Cl-, SOs*, HCOs; and PO.*") on the
removal efficiency of MB was investigated with a constant concentration of 1 mM
under optimized conditions. The recyclability tests of the adsorbents was measured
using a 2 mM HC, solution for 6 h at room temperature. It was found that this pH
range is lower than the nanofiber membrane surface zeta potential, hence the
nanofiber membrane surface charge inverts from negative to positive, allowing MB
to be released from the adsorbent surface via electrostatic repulsion (Liu et al.,
2020b). Five regeneration cycles were performed under the same experimental
conditions and each tested adsorbent was washed with DI water two times and
prepared for the subsequent adsorption cycle, and the concentration of MB was again
measured to calculate the adsorption capacity of the membrane.

4.2.3 Results and Discussion

Membrane characterization

Fiber surface morphology is a crucial parameter that deals with structural
characteristics and plays a key role in any application. Scanning electron microscopy
was used for the analysis of the surface morphology and average diameter
distribution of PES and PES/PAN electrospun nanofiber membranes (Figures 4.15a-
b). The pristine PES nanofiber membrane exhibits a smooth surface with uniform
thicker fibers with an average diameter of 261 nm. The fibers of the PES/PAN
membrane, in comparison to that of PES fibers, were found thinner with an average
diameter around 151 nm and with a more uniform structure with a more compact
fibers stacking. This smaller diameter formation can be ascribed to the lower
viscosity of the solution after adding PAN into PES solution (PES, 2268 mPa/s and
PES/PAN, 1986 mPa/s) and higher conductivity ((PES, 1.6 mS/cm and PES/PAN,
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2.4 mS/cm), as reported elsewhere (Tan et al., 2005, Wang et al., 2010).. Nanofibers
membranes with smaller diameters have a higher specific surface area than those
with a larger diameter, this means that this membrane surface could adsorb more
organic pollutants during the adsorption study since it has a higher number of active
sites (Awad et al., 2021a).

Surface wettability, especially hydrophilicity, is considered a useful indicator for
membrane with higher water purification performance (Bui and McCutcheon,
2013b). In this work, hydrophilicity was determined through the measurement of the
contact angle for both electrospun nanofiber membranes. As shown in Figure 4.15c,
the contact angle was 81.1 + 1.3° for pristine PES electrospun nanofiber membrane,
indicating that pristine PES membrane has low hydrophilicity. On the contrary,
blended PES/PAN electrospun nanofiber membrane showed a lower contact angle
of 65.9 + 1.2°, meaning that the blended membrane has higher hydrophilicity (Figure
4.15d). This might be achieved due to the addition of hydrophilic polymer such as
PAN, which is able to improve the overall substance's hydrophilicity through the
formation of hydrophilic carboxylic groups on the blended PES/PAN membrane
surface, resulting in a lower contact angle (Meng et al., 2014, Plisko et al., 2020).
Previous studies also found that the contact angle of the membranes tends to decrease
when PAN polymer is added to the PES solution (Pasaoglu et al., 2016, Kumar et
al., 2016a). Overall, this result indicates that PES/PAN membrane would adsorb
more dye molecules because of their hydrophilicity and thus higher compatibility
with aqueous solutions (Wang et al., 2019c).
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4. Development of electrospun nanofiber membrane for food industry wastewater treatment

Figure 4.15 SEM images and water contact angle of pristine PES (a, ¢) and PES/PAN
(b, d) nanofiber membranes; insets are the diameter distribution of corresponding
nanofiber membranes.

The FTIR spectra of pristine PES and blended PES/PAN electrospun nanofiber
membrane are shown in Figure 4.16a. For the pristine PES nanofiber membrane, the
absorption peaks are identified at 710 cm™ (CH, bond), 820 cm™ (C-H stretching).
The functional groups are strongly exhibited at 1106-1150 cm™ (0=S=0), 1319 cm’
1 (C-O stretching), 1568 cm® (C=C stretching), 1670 cm™? (N-C=0O carbonyl
vibrations) and 1750 cm™ (C=0 stretching) (Zhang et al., 2013b). In addition, the
two characteristics absorption peaks at 2830 cm™ and 3250 cm™ (broader) are
assigned to the stretching vibration of aromatic C-H groups (Homaeigohar et al.,
2010b). Whereas for the blended PES/PAN membrane, the absorption peaks are
almost similar to the pristine PES nanofiber membrane absorption peaks, indicating
that the anchoring polymer does not alter the structure. Particularly noted is that , the
absorption peaks at 2240 cm™ and 1675 cm™ are corresponding the stretching of the
symmetrical C=N group and C=0 group, which are typical bonds of PAN polymer
(Lohokare et al., 2008). These results further indicate, in combination with the
uniform morphology observed by SEM, the successful interaction between PES and
PAN (Yaretal., 2017).

The XRD patterns for the pristine PES and PES/PAN blended electrospun nanofiber
membrane are shown in Figure 4.16b. The pristine PES nanofiber membrane had a
major characteristics peak at 26 = 13.5° which is attributed to the typical amorphous
nature of the PES polymer. Additionally, the second peak appeared at 26 = 43.1°
because of the second carbon pairs found at the neighbouring chain (Laghaei et al.,
2016b). On the other hand, the blended PES/PAN nanofiber exhibited a similar
broader shift peak at 20 = 13.0°. which shows the amorphous nature of that blended
nanofiber membrane.

The thermal stability of the pristine PES and blended PES/PAN electrospun
nanofiber membranes was investigated using a thermogravimetric analysis (TGA),
and the results are shown in Figure 4.16c. The thermal behaviour of both membranes
involves three phases of weight loss. For the pristine PES nanofiber, the first phase
(30-100 °C) of weight loss was observed below 5%, corresponding to the evaporation
of physically adsorbed water molecules on the fibers. The second phase occurred
between 140 and 400 °C and resulted in 21% of weight loss, which is attributed to
the slow evaporation of residual DMAc solvent from the nanofiber membrane
surface (Al-Husaini et al., 2021b). Finally, the largest weight loss (around 54%) was
recorded at the third phase ranging between 496 and 673 °C, corresponding to the
polymer degradation (Ayyaru and Ahn, 2018a). The blended PES/PAN nanofiber
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membrane also shows a similar three-phase thermal degradation pattern, in which a
slight amount of weight loss between 1 and 3%) was observed at the first phase (30-
100 °C) because of moisture evaporation. Whereas, 12% weight loss from 225 to
334 °C was noticed in the second phase, ascribed to sufficient chemical reactions
within the PAN polymer substance and the nitrile groups cyclization exhibit in their
side-chain (Kizildag, 2021, Ji et al., 2008). The addition of PAN into PES resulted
in decreasing weight loss (around 48%) from 515 to 671 °C in the third phase, and
overall, it has been shown that the blended PES/PAN nanofiber membrane showed
better thermal stability (total weight loss 73%) than the pristine PES nanofiber
membrane (total weight loss 80%). To some extent, this observation can correlate
with previous investigations claiming that the blending of nanofiber membrane is
suitable for thermally coupled wastewater application (Awad et al., 2021a).

The mechanical properties of electrospun nanofiber membranes have been found to
be crucial in treating wastewater (Bae et al., 2016a). In this work, the mechanical
properties through the stress-strain curve of pristine PES nanofiber membrane and
blended PES/PAN nanofiber membrane were investigated, and the results are shown
in Figure 4.16d. As can be seen, the pristine PES nanofiber membrane exhibited a
higher strain percentage (27.1%) with a lower tensile strength (around 3 MPa), while
the blended PES/PAN nanofiber membrane has a highest tensile strength (4.4 MPa)
and a lower strain (21.7%). These results indicated that adding PAN into PES
enhanced its tensile properties. Moreover, the presence of PAN decreased the whole
diameter of the blended PES/PAN nanofiber membrane (higher surface area), which
means there is a large number of nodes available in the fiber pores, thereby
promoting the tensile strength property.
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Figure 4.16 FTIR spectra (a), XRD patterns (b), TGA profiles (c) and stress-strain
curvse (d) of PES and PES/PAN nanofiber membranes.

MB adsorption studies

Various process factors for determination of MB adsorption capacities, such as the
influence of pH, initial concentration and contact time of MB were analyzed for the
determination of the membrane performance and the optimized work conditions.
After that, the impact of inorganic anions on MB adsorption capacity was carefully
investigated and also recyclability of the adsorption process was carried out to ensure
the durability of as-synthesized adsorbents. The modelling kinetics-isotherms fitting
was performed to gain insights into the adsorption process of MB in the presence of
electrospun nanofiber membrane-based adsorbents.

Effect of pH

The pH can strongly affect the surface charge of adsorbents and adsorbate and thus
the adsorption performance of the membrane. Therefore, the adsorption capacity of
MB was investigated at various pH ranging from 3 to 10 in the presence of PES and
PES/PAN nanofiber membranes, and the results are presented in Figure 4.17a. A
stable MB adsorption capacity was observed within pH range from 3 to 5 for both
membranes, while showing an upward trend of adsorption capacity when pH value
increased from 5 to 7 and then gradually reached the highest adsorption capacity
from 7 t010. Notably, the adsorption capacity was the maximum yet at neutral pH
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provides with an amount of 33.7 mg/g and 364.9 mg/g for PES and PES/PAN,
respectively, which is in common agreement with previously published literature
(Mohammad and Atassi, 2020a, Yam-Cervantesa et al., 2020). At acidic pH, the
nanofiber membrane surface is positively charged due to the protonation of
functional groups. Hence, electrostatic repulsion occurred between the positively
charged membrane surface and cationic MB molecules and ultimately reduced the
adsorption uptake. On the contrary, the charged nanofiber membrane surface shows
more negative when pH shifts to neutral/alkaline conditions. Importantly, the
addition of nitrile groups produced carboxylate groups on the surface of the
PES/PAN nanofiber membrane under neutral/alkaline medium by hydrolysis
reaction (Pérez-Alvarez et al., 2019). The generation of carboxylate groups yielded
more negatively charged on the PES/PAN membrane surface with respect to the
pristine PES at higher pH with the resulting generation of an electrostatic attraction
with the positively charged MB. In particular, the maximum attraction interaction
between membrane and MB appeared at neutral pH, which resulted in an improved
adsorption capacity.

Moreover, these phenomena can be further supported by observing zeta potential, as
shown in Figure 4.17b. The point of zero charge (pzc) was found at pH 6.3 and 4.8
for PES and PES/PAN nanofiber membrane, respectively. This means that the
surface charge of the membranes is positive below pzc and negative above the value
of pzc, whereas the negatively charged surface favours the adsorption process
through electrostatic attraction, as proven in the experimental analysis. The
introduction of hydrolysable PAN with PES, enhanced the overall negative charge
of the blended PES/PAN nanofiber membrane (see Figure 4.17b), thus improving
the MB adsorption capacity. Interestingly, it was noticed that the adsorption capacity
maintained a higher trend even below the pzc, indicating that other driving forces
besides electrostatic attraction also influence the adsorption process. This
observation further demonstrated that the developed PES/PAN nanofiber membrane
is suitable for treating MB containing wastewater in a wide range of pH, this means
that no adjustment of pH is necessary during the pre-treatment stages (Lu et al.,
2019a).
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Figure 4.17 Effect of pH on MB adsorption capacity (a) and zeta potential (b) of PES
and PES/PAN electrospun nanofiber membranes.

Effect of initial concentration of dye on PES/PAN adsorption capacity

The initial dye concentration indirectly affects dye adsorption capacity by
controlling the binding sites of the adsorbent. Therefore, the adsorption capacity was
measured at different initial concentration of MB in the ranges 50-1000 mgwe/L. As
shown in Figure 4.18, it is evident that the initial concentration positively influences
the adsorption capacity for both adsorbents. For PES/PAN blended nanofiber
membrane, rapid increase of the adsorption capacity was observed (46.0-514.9
mg/g) with an increase in initial concentration from 50 to 400 mgms/L while further
increasing concentration up to 1000 mgwms/L, slightly increased the adsorption
capacity to 552.5 mg/g. Similarly, the same trend was noticed for the pristine PES
nanofiber membrane, but the adsorption capacity was very low in all the MB
concentrations, and the maximum capacity of 41.0 mg/g was obtained at 400
mgwme/L. In both cases, beyond 400 mgwms/L concentration, a fair adsorption capacity
increase means reaching the plateau. This result indicates that adsorption is
facilitated by a rise in concentration, which enhances mass transfer and the driving
force for MB adsorption. In addition, a large amount of MB molecules are transferred
to the solid surface of the nanofiber membrane from the aqueous phase, thereby
leading to a higher adsorption capacity (Li et al., 2020a). The higher concentration
of MB in solution also affords the swelling of the polymer membrane, facilitating
the diffusion of the organic compound in the polymer and thus further uptake of dye
by membrane.
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Figure 4.18 Effect of MB concentrations on adsorption capacity of PES and PES/PAN
fiber membrane.

Adsorption Kinetics

Studies on dye adsorption Kinetics provide information on rate constants of the entire
adsorption process with respect to the contact time of the dye with the adsorber (Li
et al., 2019a). The kinetic behavior of MB adsorption onto the PES and PES/PAN
blended nanofiber membranes was investigated and the results presented in Figures
4.19a and b, respectively.
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Figure 4.19 Pseudo-first-order kinetic model and pseudo-second-order kinetic model
for the MB adsorption on PES (a) and PES/PAN (b).

106



4. Development of electrospun nanofiber membrane for food industry wastewater treatment

The rapid adsorption rate was seen at the beginning of the experiment, but it
gradually slowed as the period lengthened until it achieved an equilibrium state. The
equilibrium for MB adsorption is reached for PES, within 18 h and lasted for 24 h,
while 12 h were required for PES/PAN fiber membrane, whereby 75% of MB is
adsorbed within 6 h. These results highlight that the incorporation of PAN into PES
enhanced the membrane performance with higher adsorption active sites for MB
capture.

Moreover, the adsorption kinetics were fitted by nonlinear pseudo-first-order (PFO)
and pseudo-second-order (PSO) models (Pervez et al., 2021e). The fitted curves are
shown in Figure 4.19 a and b, and the calculated fitted values have been given in
Table 4.5. For PES, correlation co-efficiency was somewhat greater for PSO (R*=
0.9965) than PFO (R?= 0.989). On the contrary, lower correlation co-efficiency was
observed for PFO (R?= 0.9953) compared to PSO (R?= 0.997) in the presence of the
PES/PAN blended nanofiber membrane. These results suggest that the PSO kinetic
model strongly fit the MB adsorption onto PES and PES/PAN nanofiber membrane,
which means that the adsorption process of MB is dominated by the chemisorption
mechanism in which charge attraction occurs between adsorbent binding sites and
MB molecules (Li et al., 2019c). Previous studies indicated the accurate fitting of
MB adsorption with the pseudo-second-order kinetic model. Haider et al. (Haider et
al., 2015a) reported the adsorption of MB followed a second-order kinetic model by
using ethylenediamine-grafted-polyacrylonitrile electrospun nanofiber membrane. It
can readily infer that the current PES/PAN nanofiber membrane exhibits an excellent
adsorption performance of MB within a short time, which is favorable for practical
implementation.

Table 4.5 Kinetics parameters for MB adsorption by PES and PES/PAN membranes.

Adsorbent *Pseudo-first order *Pseudo-second order
Q:= Qe(l - e_klt) Q; = _szEt
T 1+kyQ,t
K1 Je R2 Kz Je R2
(min™) (mg/g) (g/mg/min)  (mg/g)
PES 0.0034 35.3161 0.989 0.0001 41.9531  0.996
PES/PAN 0.3041 387.765 0.995 0.001 487.5860 0.997
9

* Where gt (mg/g) represents the adsorption capacity of MB at any time t; k1 (min-1) and k2 (g/mg/min) are the kinetic rate constants

for the pseudo-first order and pseudo-second order models, respectively.

Adsorption isotherms

Adsorption isotherms provide important information on adsorption processes. From
this analysis, the relationship between adsorbent/adsorbate equilibrium
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concentration is investigated at which maximum adsorption capacity can be
identified. Two common non-linear isotherm models, namely the Langmuir and the
Freundlich models, were applied to determine the adsorption behaviour. Langmuir
fitted model means that the adsorption process was monolayer onto the
homogeneous solid adsorbent surface, and there is no evidence that adsorbed MB
molecules interact with neighbouring active sites, on the other hand, Freundlich
fitted isotherm model followed the multilayer adsorption process onto the
heterogeneous solid surface of the adsorbent (LOpez-Luna et al., 2019b). Fitted
curves are shown in Figure 4.20, and the isotherms calculated parameters are listed
in Table 4.6. Results demonstrate that the adsorption isotherm for both membranes
obeyed the Langmuir isotherm model based on the correlation co-efficiency values
(R?), indicating monolayer adsorption associated with the heterogeneous surface of
adsorbents (Hossain et al., 2021b, Pervez et al., 2021a). The PES/PAN nanofiber
membrane exhibits a maximum adsorption capacity of 1010.10 mg/g, whereas the
pristine PES nanofiber membrane showed only the adsorption capacity of 48.00
mg/g. This indicates that the PES/PAN nanofiber membrane significantly enhanced
the adsorption capacity of MB, which is integrated with the value of K. since a higher
KL of the adsorbent determines better adsorption performance at low concentration
(Cao et al., 2012a). As shown in Table 4.7, the comparison between our adsorbent
and other adsorbents for MB adsorption found that PES/PAN has excellent
adsorption capacity noticeably higher than others.
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Figure 4.20 The adsorption isotherms of MB by PES (a) and PES/PAN (b) according
to Langmuir and Freundlich equations.

Table 4.6 Adsorption isotherms parameters for MB.
Adsorbent * Langmuir * Freundlich
_ qmakaCe Qe=KFCe1/"
Q=77 k;C.
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Jmax KL R2 KF l/n R2
(mg/g) (L/mg) (mg/g)
PES 48.0076 0.0026 0.9913 1.0012 0.5211 0.9747
PES/PAN 1010.1010 0.0586 0.9983  13.0085 0.6228 0.9881

* Where qmax denotes the maximum adsorption capacity of MB (mg/g); KL represents the constant of the Langmuir equation, Ce

used for the measurement of solution concentration at equilibrium; 1/n highlights the intensity of the adsorption, and KF indicates

the constant of the Freundlich equation.

Table 4.7 Comparison of the MB adsorption capacity with previously reported

literature.
Adsorbent Initial pH Kinetics Isotherm  qmax Ref.
MB conc. (mg/g)
(mg/L)
PAN nanofibers 15 8 2nd order Freundlich 42.0 (Chabalala et
al., 2021)
PAN/B cyclodextrin 15 8 2nd order Freundlich 79.3 (Chabalala et
(B-CD) nanofibers al., 2021)
PAN hard yarn 30 10 2nd order Freundlich 8.0 (Swaminathan
waste/MWCNT- etal., 2021)
OH nanofibrous
Functionalized PES 500 6 2nd order Langmuir  625.0 (Xu et al,
nanofibers pmol/L 2018c)
Cross-linked PES 250 10 2nd order Freundlich 478.4 (Chen et al.,
nanofibers umol/L 2018)
Ethylenediamine = 400 ¢ 2nd order Freundlich 94 (Haider et al.,
(EDA)-grafted 2015a)
polyacrylonitrile
(PAN)
Vanadium 1 10 2nd order Freundlich 85% (Homaeigohar
pentoxide  (V20s) et al,, 2016b)
nanoparticles/PES
Mesoporous carbon 40 6 2nd order Langmuir 119.2 (Lietal., 2016)
nanofibers
PES nanofibers 400 7 2nd order Langmuir  48.0 Present work
PES/PAN 400 7 2nd order Langmuir 1010.1  Present work
nanofibers

Effect of inorganic anions

Inorganic ions are constantly encountered in industrial wastewater effluents since
they have been used as additives in the dye manufacturing process. Consequently,
these substances affect the wastewater purification operation, thus it is important to
investigate these anions containing MB simulated effluent. Herein, selective anions
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such as ClI~, SOs*", HCO5™ and PO.*~ were used to determine their influence on MB
adsorption capacity by the membrane, and the results are presented in Figure 4.21a.
As expected, the presence of various inorganic anions inhibited the MB adsorption
capacity compared to the case of absence. It was found that Cl~ion has exhibited a
negative effect on MB adsorption behavior by the membrane. This could be
explained from the point of competition between MB with foreign ions. Chloride
anions compete with the membrane for the coordination to the positive charged dye.
On the other hand, SO.? and HCO5 showed little effect on the MB adsorption
capacity by the membrane which may be attributed to a reduced constant of binding
of these anions to the MB (Lu et al., 2019b). Interestingly, the addition of PO,*
enhanced the adsorption capacity because the solution pH value was increased in the
presence of hydrogen phosphate ions, which may assist in accelerating the
electrostatic interaction between MB and membrane surface, resulting in improved
adsorption performance (Ma et al., 2020b).
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Figure 4.21 (a) Effect of inorganic anions on MB adsorption capacity and (b)
recyclability tests by PES and PES/PAN nanofiber membrane, respectively.

Reusability

The produced adsorbent must have shown a strong reusable and regenerable ability
to compete with commercially available adsorbents. These features are regarded to
be the most important sign of an adsorbent's effectiveness. Therefore, a series of
regeneration cycle tests were conducted using PES and PES/PAN nanofiber
membrane up to 5 cycles under optimized conditions (Figure 4.21b). It was found
that 32% of adsorption capacity was reduced after 5 cycles by PES, while only 0.93%
for the PES/PAN nanofiber membrane, this indicates that blended PES/PAN
nanofiber has better reusability compared to the original PES nanofiber membrane.
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The outstanding performance of the PES/PAN nanofiber membrane is ascribed to
the smaller fiber diameter (corresponded to the larger surface area) and higher
hydrophilicity. Overall, it can be concluded that the PES/PAN nanofiber membrane
developed is an effective adsorbent for real wastewater purification because of their
efficacy and great recyclability.

Adsorption mechanism

The adsorption mechanism of MB by the use of the PES/PAN nanofiber membrane
was investigated, and its schematic representation diagram is shown in Figure 4.22.
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Figure 4.22 Proposed adsorption mechanism of MB in the presence of PES/PAN
nanofiber membrane.

It was found that electrostatic attraction was mainly responsible for MB adsorption,
which can be clearly stated from the solution pH and membrane surface zeta
potential behavior. When solution pH was lower than point of zero charge of the
membrane, the surface became positively charged and offered a strong electrostatic
repulsion with the cationic dye MB, resulting in a reduced adsorption capacity. On
the contrary, when solution pH was higher than point of zero charge, the membrane
surface became negatively charged and showed a strong electrostatic interaction with
the cation dye MB, thereby leading to an excellent adsorption phenomenon.
Importantly, the prepared PES/PAN nanofiber membrane showed superior
adsorption capacity at neutral pH, this indicates that the blended membrane surface
has a large number of functional groups, which can be deprotonated at higher pH
and promote adsorption capacity electrostatically. Besides, hydrogen bonding and
I1-IT interaction may also contribute to the adsorption process to some extent (Sahu

111



Chapter 4

et al., 2020). Moreover, it was found that adsorption capacity was decreased due to
inorganic ions presence, which is additional evidence that electrostatic attraction was
mainly responsible for MB adsorption by PES/PAN nanofiber membrane.
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5. PROCESS INTENSIFICATION OF PRESSURE-
DRIVEN MEMBRANE FILTRATION FOR
RESOURCE RECOVERY FROM FOOD WASTE

This chapter explains the details of materials and chemicals, experimental setups and
analytical methods that have been used to build this research work. This part has
been divided into sections for a better understanding of Study | (application of
microfiltration and Ultrafiltration for production and recovery of VFAs and Study Il
(High amount recovery of VFASs using nanofiltration).

5.1 Double-stage membrane-assisted anaerobic digestion
process intensification for production and recovery of

volatile fatty acids from food waste

5.1.1 Introduction

In recent years, bioconversion of organic waste to a range of value-added products
has been identified as one of the best waste management approaches. Food waste
(FW) is recognized as a mainstream organic waste candidate for a biorefinery due to
its ease of collection, accessibility and enormous generation volume. According to
the Food and Agriculture Organization (FAQ), about one-third of world food is
wasted along the supply chain of food system per year. Specifically, European Union
member states are reported to generate around 89 million tons of food waste in 2012
(Braguglia et al., 2018). Moreover, FW is a rich blend of carbohydrates, proteins and
lipids that can be used as potential precursors for the production of biochemical and
biomaterial through microbial conversion (Lukitawesa et al., 2020, Strazzera et al.,
2018).
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Traditionally, food waste is managed through landfilling, incineration and
composting; however, these processes are either low yielding, not economically
feasible or have negative impacts on the environment. Therefore, anaerobic digestion
(AD) technology is considered as a feasible medium for converting food waste to
valuable resources. It is a cost-effective technology that generates biogas as a
renewable energy carrier while treating high moisture and nutrient-rich waste
organics (Rajendran et al., 2020). Mainly, four steps are associated with the
anaerobic digestion process; hydrolysis, acidogenesis, acetogenesis and
methanogenesis, and as a result biogas is generated as the dominant final product.
Biogas is utilized for the production of electricity, transport fuel and heat (Holm-
Nielsen et al., 2009).

As the market appeal for biogas has been challenged recently, the attention has been
shifted towards intermediate products that are more valuable and diverse in terms of
application such as volatile fatty acids (VFAs). VFAs are short-chain aliphatic
mono-carboxylate compounds that contain two to six carbon chains, such as acetic
acid, propionic acid, butyric acid, valeric acid and caproic acid. These acids have a
wide range of applications; for example they are considered as chemical precursors
for biofuels (Choi et al., 2011) and bioplastic production (Cheah et al., 2019). They
are also used extensively in textiles, food, cosmetics and pharmaceutical industry
(Lim et al., 2008b). It has been reported that net profit in VFAs production (9.12
USD/m3) is nearly 3-times higher than biogas (3.71 USD/m?) (Khatami et al., 2021,
Pervez et al., 2022a). Conventionally, the commercial production of VFASs is mainly
obtained from aldehydes and alkenes-based petroleum resources. However, the
production of VFAs from bio-based processes, such as anaerobic digestion, is now
gaining more attention due to their environmental sustainability benefits.
Nevertheless, anaerobically digested-based VFAs effluent has limited applications
in large-scale as the effluent contains various complex substances including
unconverted proteins, lipids and outflow microorganisms (Zacharof and Lovitt,
2013a). Extraction of VFAs from these mixed effluents is one of the potentially
challenging tasks due to their low concentration. These obstacles can be eliminated
either through the increase in the production yield or by the development of a
sustainable downstream process that efficiently extract and purify VFAs.

Regarding VFAs production and recovery, AD membrane bioreactors (AD MBR)
have gained considerable success in recent years. Although the MBR system has
long been employed for wastewater treatment (Pervez et al., 2020b), the potential of
using anaerobic digestion technology for VFAs production has not been fully
investigated. Among different membrane separation techniques, the submerged or
side-stream pressure-driven membrane filtration processes have been recognized as
a sustainable and effective method. This effectiveness is due to the possibility of
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producing solid-free VFAs solution, low energy demand and small environmental
footprint (Aghapour Aktij et al.,, 2020a). Previous literature has shown that
microfiltration (MF) is a suitable method for the recovery of VFAs and nutrients
(e.g. NH4*-N and PO.*"-P) from liquid digested effluent. For example, Kim et al.
(Kim et al., 2005b) studied the application of a crossflow microfiltration-coupled
fermenter system and showed that a significant amount of suspended solids were
removed. In that study, over 80% of VFAs were recovered by using MF membranes
with different pore sizes. Gerardo et al. (Gerardo et al., 2013) recovered nutrients
and metals from anaerobically digested effluent using crossflow microfiltration.
Recent studies have also shown that VFAS solutions could be recovered through the
in-situ immersed microfiltration membranes (Wainaina et al., 2019d). However, it
was examined that the MF permeate solution can still contain some foreign
substances (microorganisms, particulate matter and macromolecules) that need to be
purified prior to further application. Ultrafiltration (UF) is another pressure-driven
membrane filtration technique that has been identified as a promising pathway for
VFAs purification. Although there are some reports of UF application for VFASs
recovery (Longo etal., 2015b, Zacharof et al., 2019), to the authors knowledge, there
are no report available in the literature using UF in a sequence with immersed MF
membranes for the recovery of VFAs from anaerobically digested effluent of food
waste.

In this study, a novel approach was introduced to the process of production, recovery
and purification of VFAs from food waste. This approach optimizes AD as it inhibits
the production of biogas for VFAs accumulation. It also integrates in situ VFAS
recovery using immersed MBR coupled with external UF membrane unit. With this
goal in mind, at first conditions for maximizing VFASs production through different
pH levels were investigated in batch AD. The detected optimum condition was then
applied to a semi-continuous immersed MBR system for production and recovery of
VFAs effluent on different organic loading rates. The effluent was further put
through ultrafiltration to seek the optimum purification approach.

5.1.2 Materials and methods

Substrate and inoculum

The food waste (FW) was used as the substrate and collected from Gryaab AB
(wastewater treatment plant) and Renova AB (solid waste treatment plant), and both
companies are based in Gothenburg, Sweden. The food waste slurry was prepared
from households and retailers based on food waste (diluted with 20% water and
screw pressed by a 10mm mesh) obtained from the Gothenburg region municipality
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and then refrigerated and stored in a cold room at 4-5 °C before loading into the
bioreactors chamber. The detailed characterization data can be found in previous
report (Parchami et al., 2020a). The granulated bacteria originated from the full scale
up-flow anaerobic sludge blanket reactor of Hammarby Sjéstad, Stockholm, Sweden
and used as inoculum for the batch reactors. The setup of fermentation broth was
maintained according to the previous study (Wainaina et al., 2020b) and treated as
inoculum seed in the semi-continuous membrane bioreactors for VFAs production.

Batch fermentation

Anaerobic batch fermentations assays were set up with the goal of investing the
effect of different initial pH levels on methanogens inhibition and VFAs production
and accumulation. In this regard, pH levels of 4, 5, 6, 8, 10 and 12 were
experimented. The tests were carried out in 120 mL serum bottles with a working
volume of 50 mL. 1 gVS of a substrate and 1 gVS of inoculum were loaded in each
bottle and filled up to 50 mL with distilled water. All experiments were conducted
in triplicates. Additionally, three reactors were assigned as control, which
represented the samples without initial pH adjustment. The pH levels were set
accordingly prior to sealing and flushing (3 minutes) the reactors with nitrogen gas
to ensure anaerobic conditions. The bottles were incubated in water bath shakers
with conditions set to 37°C and 125 rpm. 250 pL gas sample were taken daily in first
three days and then every 2 to 3 days of the experiment with a gas-tight syringe
(VICI Precision Sampling Inc, USA) to analyze volume and the composition of
biogas. On the same sampling days, 1 mL liquid aliquot was taken to be used in VFA
analysis. The batch fermentation was carried out for 27 days.

Semi-continuous Immersed Microfiltration Membrane Bioreactor

The immersed membrane bioreactor (iMBR) setup consisted of a 2.5 L bioreactor
with a working volume of 2 L, equipped with an immersed flat sheet microfiltration
membrane panels. The second-generation Integrated Permeate Channel (IPC)
membrane panels were kindly supplied by the Flemish Institute of Technological
Research, VITO NV, Belgium, with an effective area of 68.2 cm?/panel and average
pore size of 0.3um. The clean water permeability of the membrane was about 3000—
4000 L/h/m?/bar. Hydrophilic polyethersulfone (PES) was the material that
constituted the coating of either side of the spacer fabric. Membrane panels were
placed inside a spacer box and then submerged inside the reactor (Figure 5.1). To
provide mixing, nitrogen sparging was utilized with a nitrogen flow of 1 L/min
during fermentation, which was raised to 3 L/min during daily filtration intervals.
The flow of the nitrogen was regulated with the help of a gas flowmeter (Dwyer
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Instruments, USA). A peristaltic pump was purchased from the Watson Marlow
Fluid Technology Group (Wilmington, UK) and connected to the permeate channel.
During the experiment, the flow of the permeate was recorded with an Atrato 710-
V11-D ultrasonic flowmeter (Titan Enterprises Ltd., United Kingdom) while a
pressure transmitter (KELLER, Switzerland) measured the pressure on the permeate
line. The reactor was filled with 10 gVS/L of sludge and 1gVS/L of food waste (FW)
and the pH value was set to 6. Following a 10-day batch startup phase, from day 11,
a filtration cycle consisting of 4-minute filtration and 1-minute backwash was
applied to the reactor. Every day, 200 mL filtrate was withdrawn from the MBR and
was replaced with the same volume of FW, followed by pH adjustment to 6. For
VFA analysis, samples were taken from the filtrate while TSS and pH samples were
taken from the main reactor. Moreover, gas samples were also taken from the system
to analyze methane amount. However, these methane amounts were not reported as
the values turned out to be lower than the detection limits of the analytical
instruments. The starting feeding OLR value was 1 gVS/L, which was then raised to
3 and 6 gVS/L throughout the experiment. When total suspended solid (TSS) value
was increased, it resulted in high transmembrane pressure (TMP), therefore chemical
cleaning was applied to the system according to Plevri et al. (Plevri et al., 2021). At
first, the system was filled with NaOCIl (200 ppm) at 45°C for 45 minutes.
Afterwards, water was run through the system for 10 minutes, the reactor was filled
with H3sPO4 (1%) and it was cleaned for another 45 minutes. The cleaning ended
with the system being run thoroughly with water to get rid of any chemical remains.

VFA-rich
Filtrate

low
sensor meter Pump

pH probe

¥ Recordingcomputer

& Microorganism + te
« Undigested particle Food waste
© Nitrogen gas

Heating
Jjacket

Membrane panels

Nitragen sparging

1

Bioreactor cantrol unit

Figure 5.1 Schematic diagram of the semi-continuous immersed microfiltration
membrane bioreactor.
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Ultrafiltration process

The ultrafiltration experiments were carried out on laboratory scale using LABCELL
CF-1 membrane filtration unit (Koch Membrane System, United Kingdom) (Figure
5.2). The filtration system was used in tangential flow filtration mode with an
effective membrane surface area of 28 cm?, which provided feed-side pressures of
up to 6 bar. Two commercial flat sheet ultrafiltration membranes (Microdyn Nadir,
Germany) with two different molecular weight cut-offs (MWCO), 50 kDa and 10
kDa, were used for ultrafiltration. The detailed properties of the membranes are
presented in Table 5.1.

Table 5.1 Characteristics of used ultrafiltration membranes.

Name UHO050 P UP010 P
Producer Microdyn Nadir Microdyn Nadir
MWCO (kDa) 50 10
Type flat sheet flat sheet
Membrane material hydrophilic hydrophilic
Membrane chemistry Polyethersulfone (PES) Polyethersulfone (PES)
Pure water permeability (LMH/bar) > 85.0 (>3.4) >50.0 (>2.0)
Thickness (um) 210-250 210 - 250
pH Range 0.0-14.0 0.0-14.0
Chlorine Tolerance 200 ppm (sanitization) 200 ppm (sanitization)
at pH >10.5 atpH>10.5
J
1 Pressure
I relief
= Ploc;%s; 1\flssel L
Pressure Coo}ing/heatjng
regulating L E{; um
Membrane valve

cell

@ Feed
? e

Permeate Retentate

Figure 5.2 Schematic diagram of the ultrafiltration unit.
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The UF unit's feed solution was composed of a mixture of FW AD effluent from
different permeate recovery intervals. Before starting the experiment, flat sheet
membranes were cut into the required shape and were placed in warm tap water for
30 minutes. This was done to remove the glycerol from the membrane surface and
pores as recommended by the supplier. The filtration machine unit was cleaned twice
by Milli-Q water and NaOH (pH 10) subsequently prior to each experiment, before
and after membrane installation. A thermostatic water-recirculating water bath was
used to control the filtration temperature ranges between 20-21°C and 37°C through
a water jacket connection. About 300 mL feed solution was loaded to the feed
container for each experiment. A constant feed-side pressure of 5 bar was provided
by the pump installed on the filtration unit throughout filtration. Two pH levels, 4
(pre-set) and 5.4 (as received), were used during ultrafiltration. In each test, 250 mL
of the initial feed was collected as permeate and 50 mL ended up as retentate on the
feed-side. The permeate flux was estimated by recording the permeate weight in 2-
minute intervals.

Analytical methods

For gas (CH4, CO- and Hy) analysis, gas chromatograph (Clarus 550 Perkin Elmer,
Norwalk, CT, USA) with a packed column (CarboxenTM 1000, 6'<1.8" OD, 60/80
Mesh, Supelco, Shelton, CT, USA) and a thermal conductivity detector (Perkin-
Elmer, Norwalk, CT, USA) was used. The injection temperature was set at 200°C.
The carrier gas was N, with a flow rate of 40 mL/min (75°C). For analysis of VFAs,
liquid samples of 1 mL were mixed with 200 pL of an acid mix (mixture of
orthophosphoric and formic acids with volume ratio of 3:1). The samples were then
centrifuged for 5 minutes at 12500%g, and the supernatant was syringe filtered. From
the filtered part, 250 uL was transferred into glass vials and topped with butanol
(internal standard) and 500 pL of distilled water. VFAs analysis was then performed
with GC.

Total solids (TS), total suspended solids (TSS), volatile solids (VS), volatile
suspended solids (VSS) and dissolved solids (DS) content were evaluated in
accordance with the APHA 2005 Standard Methods (Federation and Association,
2005). Test kits were used to measure total chemical oxygen demand (tCOD),
soluble chemical oxygen demand (sCOD) (CSB 15000 test kit), ammonium nitrogen
(NH4*-N, Ammonium 100 test kit), orthophosphate (PO+*"-P, Phosphate 45 ortho)
and total Kjeldahl nitrogen (TKN 16). These kits were purchased from
MACHEREY-NAGEL GmbH & Co. KG (Germany) and the analytical data were
processed through the use of Nanocolor 500D photometer. The color change
percentages of feed, permeate, and retentate samples were measured by a UV-Vis
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spectrophotometer under the range of wavelength between 200-600 nm. The
membrane permeates flux was obtained according to Eq.1.

]permeate = (1:2_7];):<§;};> 1)

where v represent the volume, t is time (h), membrane area (Am) and Qs is the
volumetric flow rate (L/h).

5.1.3 Results and Discussion
Evaluation of VFAs production from food waste

In order to find optimum process conditions for the anaerobic digestion of food waste
for maximum production and accumulation of VFAs, batch AD assays with different
initial pH were performed. As pH is one of the main factors affecting acidogenic
fermentation of VFAs (Wainainaet al., 2019b), AD was conducted at different initial
pH. The results of changes in the VFAs concentration and distribution were
observed. Overall, the VFA production peaked on day eight in most of the
experimented pH values. The highest VFA production value (13.81 g¢g/L) was
recorded for the treatment with initial pH 6 on day 8, with pH 8 and pH 10 (12.75
g/L) in the next place. After the peak value on day 8, VFA production started to
decrease in the following days. None of the pH extremes (pH 4 and 12) resulted in a
high VFAs production performance; the production in said pHs remained between 2
to 8 g/L. In confirmation with other literature, this can be explained by the inhibitory
effect of highly alkaline or acidic condition on acidogenic bacteria (Wainaina et al.,
2020b). In terms of VFA profiles, acetic acid was the dominant VFA in most of the
pH values; on higher pH such as 10 and 12, the highest percentages of acetic acid
were observed (70-80% and 60-65%, respectively), while on lower pH the
percentages ranged around 20-60% (pH 4), 30-45% (pH 5), 25-50% (pH 6) and 10-
55% (pH 8). These results are in line with the work of (Cheah et al., 2019, Zhang et
al., 2005a), both in which pH of 9 and 10 was reported to have the highest percentage
for acetic acid. The exceptions were the pH 5 and 6, in which butyric acid was
dominant in the VFAs distribution.

This domination of butyric acid domination in pH 5-6 can also be observed in the
work of Ren et al. (2007) and Wang et al. (2014a). Furthermore, in the work of
Lukitawesa et al. (2020), this dominance was explained with the pathways related to
acidogenesis process; as a result of Embden-Meyerhoff and pentose phosphate
pathways, butyrate is the main product in both of the pH values. It can also be
observed that in increased pH, the percentages of butyric acid decreases.
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As the accumulation of VFAs in a batch AD system is in direct relation with methane
production inhibition, besides VFA analysis, daily gas samples were also taken from
the batch reactors and analyzed to determine H,, CHsand CO; production. According
to the literature, production of VFAs is observed during the acidogenesis stage along
with hydrogen, therefore, H, production in significant amounts can indicate
increased VFAs production (Wainaina et al., 2019d). As it can be seen in the results
presented in Figure 5.3, the increase in H production is accompanied by higher
VFASs generation.

As seen in Figure 5.3, the highest point of H. production was reached on around day
3 for pH 5 (150 NmL) and 6 (100 NmL), which correlates with the highest VFA
production levels at mentioned pH values. While relatively low (50 NmL) H:
production was observed for pH 4, when the initial pH value is increased to 10 or
12, the lowest values were reported (below 25 NmL). This can be explained by
higher pH values being suboptimal for bacteria that produce hydrogen, thus resulting
in decreased production (Zhao et al., 2017). Regarding CH, production, low
production levels are observed until day 8. Inhibiting methanogens to promote VFAs
production was one of the goals of this study and this was ensured by making
alternations in the initial treatment pH. For methanogens, the optimum pH varies
from6.5t0 7.2 (Yinetal., 2021a), therefore, as expected, the reactors with pH values
lower or higher than this range produced low to no methane: for pH 5, CH4
production stayed below 50 NmL over the course of 20 days while for pH 12, it did
not even reach 25 NmL. The pH levels were only adjusted at the beginning of the
experiment and were not controlled throughout the process. Because of this initial
control, as VFAs production occurred, the pH went through alternations. This led to
more suitable conditions for methanogenesis after day 8; reaching 270 NmL at day
27 for pH 8, followed by 200 NmL for pH 10. CO; production among different pHs
generally followed a similar pattern and stayed below 200 NmL, pH 8 being the level
where the most CO, was produced. Similarly to Hz and CH,4, CO- production was
also the lowest pH 12, stating that this pH is not suitable for none of the producing
microorganisms. The pH of the AD medium was also measured at the end of the
fermentation period (day 27). Overall, in all treatments, other than pH 12, the final
pH level was around pH 6. The drastic change in the pH values of treatments starting
at 8 and 10 can be explained as the result of an increase in the acidity of the medium
due to VFA generation.
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Figure 5.3 Changes in the total volume of Hz, CH4 and CO2 during anaerobic
digestion of food waste at different pH values.

MBR-assisted VFAs production and recovery

Based on the batch results, the optimal AD condition for the production of VFAS
from food waste was selected. This condition was applied in a semi-continuous
fermentation process in an iMBR for the production and in situ recovery of VFAs.
In this regard, the pH of the iIMBR medium was adjusted to 6 once a day, while AD
and filtration were conducted for 98 days at three different OLRs. The profile of
changes in VFAs production and distribution, and alternations in daily pH are
presented in Figure 5.4.

Conditions of the iIMBR were determined based on previous screening tests
(Mahboubi et al., 2020). The bioreactor was initially loaded with a food waste
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medium containing 10 gVS/L. The MBR was running in batch mode for the first ten
days of the experiment to assist acclimatization (in this period, no feeding was
conducted). By the end of this period (day 10), the total VFASs concentration in the
bioreactor reached 1.8 g/L. Starting from day 11, the membrane bioreactor was
transitioned into semi-continuous mode at an initial OLR of 1 gVS/L.d. From day
11 to 32, total VFASs production ranged between 1.2 to 1.8 g/L. As OLR 1 proved
inefficient to give rise to VFASs production, after two HRTSs, from day 32 the OLR
was raised three-times to 3 gVS/L.d. Based on the fluctuations observed in the pH
of the medium throughout a 24 h cycle, on day 43, 4 g of 2-bromoethanesulfonic
acid (BES) was added to the medium to ensure methane inhibition. This was
followed by a rapid increase in VFA production, peaking at 8.2 g/L on day 56
(overall average around 6.4 g/L), which is 3.5-times the highest value reached before
the addition of BES. After observing a stabilization and then decrease over the course
of ten days, the OLR was raised to 6 gVS/L.d, on day 68, which boosted VFAs
accumulation (up to 14 g/L), peaking at 16 g/L on day 90.

VFAs yields were also determined for every OLR in the period of system stability.
The yield values ranged between 0.1 gVFA/gV Sadged and 0.2 gVFA/GV Sadded, through
different OLRs, with the highest value achieved by day 51 under OLR 3 gVS/L.d.
In a similar work conducted by Parchami et al. (2020a) with the OLR of 0.2
gVS/L.day, as a consequence of good mixing (mass transfer), low loading high
substrate degradability, the yields averaged 0.38 gVFA/QVSadeed. Another similar
work was performed by Wainaina et al. (2019d) with the same pH and an alike setup
but with OLRs of 2 and 4 gVS/L.d obtained VFA vyield of 0.54 gVFA/gVSadged.
Comparatively the achieved yield values in this study can be considered low, which
can be the results of poor mixing and mass transfer related issues in a submerged
membrane bioreactor where the medium is only being agitated through gas sparging
through membrane panel inbuilt diffusers. These mixing imperfections were more
pronounced at higher OLRs. Besides mixing problems, a high concentration of
undigested organics leads to an increase in TSS and viscosity levels (Figure 5.4).
Especially after raising the OLR to 6 gVS/L.d, the TSS levels ranged from 30 to 45
g/L, which is considered extremely high for an immersed membrane bioreactor.
Besides, the expectation of an increasing trend of yields following the increase of
OLR was not observed. Resembling situation was also reported by Jomnonkhaow et
al. (2021b), which was described as a result of highly viscous fermentation broth
(Lim et al., 2008a) and high solid rates having a negative effect on mass transfer
between the organic substrates and microbes (Wainaina et al., 2020d).

VFAs distributions varied through the course of the experiment. Overall, in the
experiment, butyric acid was the dominant VFA (20-70%, with concentrations
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varying from 0.1 to 7.6 gVFA/QVSadded). The second notable dominance was by
acetic acid with 15-55% (0.1-4 gVFA/QVSadded). These were followed up by
propionic acid (5-40%, 0.1 to 0.8 gVFA/gV Sadseqy and caproic acid (5-25%, 0.05 to
3.2 gVFA/gVSagded). When investigated based on the stages of the experiment, acetic
acid was the dominant acid (50-100%) in the startup phase. Butyric (30-35%) and
propionic acids (5-10%) appeared in the composition from day 4. A similar profile,
where acetic acid formed 50% of the total VFA produced, was observed till day 14,
which was the point isovaleric, caproic and valeric acids were also detected in the
system. However, the addition of BES to the media induced a metabolic shift in
VFAs profile; propionic acid, which was one of the dominant VFAs, gradually
decreased from forming 40% in day 43, to below 5% by day 68. A similar result was
observed in the work of Murali et al. (2021) where as a result of BES addition,
propionic acid production went down. This occurrence was justified as a
consequence of using chemical inhibitors of methanogenesis leading [H] (metabolic
hydrogen) into different [H] sinks like propionate production, meaning that this
addition caused prioritization of other processes. Acetic acid was also mostly
dominant after the addition of BES. This is directly related to methane inhibition
with BES; when methanogenesis is inhibited, acetate is not utilized (Zinder et al.,
1984), therefore its concentration in the reactor increases.

Changes in the COD and ammonium content of the MBR at different OLRs is
presented in Table 5.2. According to Liu et al. (2008), the variations in the C/N ratio
can be a sign of the dominance of certain group of microorganisms; for example, a
high C/N ratio is linked with carbohydrate-rich substrates, which are reported to be
advantageous environments for butyric acid producing bacteria. This information is
in line with the results obtained in the process; for ratios above 40%, butyric acid is
the dominant acid in the composition (with the exception of day 51 with a ratio of
74.13). In this regard, Liu et al. (2008) present that the fraction of butyric acid
increased to 32% with the C/N ratio going up to 30 from 5. Similarly, in the AD
MBR, the percentage of butyric acid doubled when the C/N ratio increased from 30
to 59.

Table 5.2 C/N ratios of days from different OLR values.

Day C/N Ratio
35 30.06
51 74.13
61 40.47
72 81.25
85 66.66
96 59.04
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Figure 5.4 The profile of VFAs concentration and distribution and changes in the
medium pH throughout the AD MBR experiment.
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3.3 MBR filtration performance

One of the purposes of this study was to obtain a setup where in situ recovery of
VFAs was possible with high efficiency for longer periods of time. This was
achieved as VFAs were recovered semi-continuously with the aid of the iMBR with
a HRT of 10 days. The experiment continued for a matter of 97 days with a starting
flux of 10.5 liter per m?h (LHM). Overall, it can be claimed that the membrane
performed decently until day 58, at that point it was handling 16.6 g TSS/L (Figure
5.5). The TSS of the system till this point can be considered high as in literature
values of 8 to 15 g/L are observed as the TSS operation range for water treatment
systems with iMBR (lorhemen et al., 2016). Furthermore, from the start of the
experiment till day 20, stable and very low TMP values of 6-10 mbar were observed.
Filtration issues surfaced from day 30 as the effects of fouling and changes in the
membrane surface condition became more apparent (TMP of 20 mbar). In order to
alleviate fouling, chemical cleaning was applied on day 32. However, due to the
characteristics of the media (over 10 g/L TSS), TMP increase resumed from day 35.
A similar situation of short-lived TMP drop was observed in the work of Veral et al.
(Veral et al., 2020) as well; this was due to only “offline physical cleaning” being
applied to the system which lead to the foulants still remaining in the reactor. By day
84, as the TSS content reached 45 g/L, the membrane was excessively fouled, and
TMP reached 500 mbar. This complies with the findings of Sambusiti et al.
(Sambusiti et al., 2020) and Jomnonkhaow et al. (Jomnonkhaow et al., 2021b). It is
discussed that increased TMP values are the fault of high TSS. This high value is
due to difficulties in removal of other developments like biofilm or biopolymer
deposition only with backwashing and gas sparging.

This dramatic rise in TMP levels might be due to not only the deposition of
particulate matter on the membrane surface but also the compaction of the cake layer.
This layer hindered easy convection through membrane pores and caused extensive
pressure drop through the cake layer. Fouling increases membrane hydraulic
resistance and eventually the TMP (Mahboubi et al., 2020). One of the biggest goals
of the experiment was to challenge the iMBR system to its filtration potential limit
at high TSS and OLRs. Overall, this goal was achieved as the system functioned
over the course of 3 months. The problems only arose when OLR was pushed to
limits where bioconversion requirements were not favored by filtration performance.
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Figure 5.5 1) The changes in the TMP and TSS values throughout the experiment with
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Ultrafiltration of AD VFA effluent
Changes in the physicochemical characteristics of VFAs effluent by ultrafiltration

In Table 5.3 and 5.4, the obtained physicochemical parameters after ultrafiltration
are listed. As expected, the removal percentages of solids/particle were significantly
higher in each UF filtration run. It was noticed that at mesophilic temperatures, the
data corresponding to pH 5.4 exhibited better performance than pH 4 for both
membranes (Table 5.3). However, the removal percentage was higher for 50 kDa
with 86.12% (3.03 to 0.42 g/L) of TS, DS of 82.8% (2.33 to 0.4 g/L) than 10 kDa,
with the removal rate for TS of 65.6% (3.03 to 1.04 g/L) and DS of 57.9% (2.33 to
0.98 g/L). These outcomes are in agreement with previous reports where the higher
pH is more suitable for solids removal in ultrafiltration (Fouzia et al., 2015). On the
other hand, at room temperature, the removal rate was higher for pH 4 compared to
pH 5.4 for both membranes (Table 5.4). It was observed that the removal percentage
was higher for 10 kDa with 80.2% of TS, DS of 80.2% than 50 kDa, with the
removal rate for TS of 61.9% and DS of 61.8%. The phenomena could be ascribed
to the particles and metabolites from anaerobic digestion being generally negatively
charged and membrane becoming positively charged at low pH. Therefore, an
electrostatic attraction occurs. This attraction allows particles to pass through the
pores, resulting in higher removal rate at pH 4 in comparison to 5.4. Even with
membranes of smaller molecular cut-off size, this occurrence is possible (Mahmoud
et al., 2003b).

Regarding COD concentrations, the removal percentages were increased at higher
pH; for example, at pH 4, 3.7% of TCOD and 6.1% of SCOD were removed while
at pH 5.4, this removal rate was 3-times and 2-times higher, respectively (Table 5.3).
Previous studies reported that hydroxide ion concentration increases at higher pH
and this results in a higher generation of hydroxyl free radicals besides contributing
to greater COD removal percentages (Aziz and Kasongo, 2021b). However, in some
cases, pH 4 shows a greater COD removal than pH 5.4. As shown in Table 3, the
removal percentage of SCOD by the 10 kDa membrane at pH 5.4 was 16.0%, while
the value increased to 20.9% for pH 4. Besides, at room temperature, the removal
percentage of TCOD by the 50 kDa membrane was higher at pH 4 (Table 5.4). This
could be due to the positive surface charge at low pH and influences on COD
removal rate (Chan et al., 2007).
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Regarding the removal of NH4*-N from the effluent, the removal percentage
increased more than 6-times when the pH was increased from 4 to 5.4. (Table 5.3).
The same trend was also recorded when the filtration was conducted at room
temperature using both membranes (Table 4). This increment could be attributed to
the conversion of ammonium ions to ammonia gas at higher pH (Mohammed-Nour
et al., 2019a). It can be seen that pH adjustment accelerate ammonia removal
performance, which is related to the deprotonation of carboxylic groups on the tight
membranes in the ultrafiltration process (Chu et al.,, 2017a). The removal of
ammonium from VFAs effluents is a great opportunity for VFASs solutions generated
from organic waste as potential carbon sources for the denitrification of wastewater.
During UF experiments, high concentration of phosphate retained in the concentrate
while the permeate was poor in phosphate (Table 5.3 and 5.4). This presents a high
recovery percentage for phosphorus. At mesophilic temperature, the P removal
efficiency was around 16.8% for 10 kDa (pH 5.4), while 10.0% removal was reached
when the 50 kDa membrane was used at the same pH value. This could be a result
of the generation of electrostatic attraction between positively surface charged
membrane and negatively charged phosphate ions at lower pH, which leads to a high
recovery efficiency of P. However, a slightly higher removal efficiency was achieved
with the membrane with the bigger MWCO at pH 4 in comparison to pH 5.4 at room
temperature. This may be due to the solubilization of phosphorous.

As expected, during treatments, the nitrogen content (in form of TKN) retained by
the UF membrane has increased as the pH decreased (Table 5.3 and 5.4). This could
be due to the fact that pH 4, which is a value that is close to the isoelectric point of
proteins and causes protein precipitation which enhances the removal efficiency. In
this regard, the removal percentages are higher at room temperature as a result of the
alternations in mass transfer through the membrane pores by temperature. Moreover,
the UV-vis absorbance spectra clearly shows that the retentate solutions is intensified
in color compared to the feed stock solution while the permeate is rather fully
transparent (Figure 5.6 A and B).
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Figure 5.6 UV-Vis spectra of feed (F), permeate (P) and retentate (R) upon
ultrafiltration (Temperature 37°C, Pressure=5 bar) (A) and (Room temperature,
Pressure=5 bar) (B).

Regarding the effect of UF on VFAs composition and concentration, it can be seen
in Figure 5.7 A and B that the employed membranes are permeable to VFAS.
However, marginal decrease in the VFAs content of the permeate compared to the
feed influent was observed. The changes in the pH and the reduction of the MWCO
to 10 kDa is assumed as the cause of this occurrence. The minimal interaction
between the favorable compounds such as VFAs and the UF membrane is favorable
as it reduces the loss of value-added products in the effluent during purification.

On the other hand, the pH of the solution has an important role in accumulating
VFAs in pressure-driven membrane filtration as it affects retention performances
(Zhu et al., 2021c). As noticed, the concentration of VFAs in feed, retentate, and
permeate solutions were slightly changed with changes in the pH. Higher retentate
VFAs concentrations were recorded in pH 4 (in both conditions presented in Figure
5.7 A and B); 2.42 g/L and 5.82 g/L of total VFAs using 50 kDa membrane.
However, as 10 kDa membrane was used at pH 5.4, the total VFAS concentration in
the retentate was recorded as 3.44 g/L and 6.58 g/L. The achieved retention
concentrations could be explained by the size and charge effect. At pH 4, the
retention behavior was circulated by the size effect: VFAs molecules were uncharged
(or negative) at low pH and these can easily passed through the surface of a positively
charged membrane. Alternatively, at pH 5.4, the VFAs compounds and membrane
surface are charged, whose effect dominates the retention phenomenon (Bruni et al.,
2021). At higher pH (5 and above), VFAs molecules are in a dissociated state that is
negatively charged. Therefore, the negatively charged membrane tends to reject
negatively charged compounds because of the electrostatic repulsion effect, resulting
in a higher retention amount. These results are in agreement with published literature
(DaRosetal., 2020a). In addition, differences in the retention were observed at room
and mesophilic temperatures. The obtained results could be explained with the pore
sizes of the membrane becoming wider, slightly losing selectivity and having an
increase in permeability at higher temperatures.
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Figure 5.7 Changes in the concentrations of VFAs before and after ultrafiltration
(Temperature 37°C, Pressure=5 bar) (A) and Room temperature, Pressure=5 bar (B).
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Membrane performance during ultrafiltration

Changes in the membrane performance defines feasibility of the filtration process
and the output flux is the main indicator in said definition. The membrane permeate
flux-time profile is shown in Figure 5.8 A and B. Due to the very high initial flux
selected for the UF experiments in the current study, an initial drop in permeate flux
was observed and flux leveling out followed this as filtration time proceeded. The
initial plunge in permeate flux can be explained with membrane pore narrowing and
blockage, surface gel layer formation due to concentration polarization. Most
importantly, particulate matter deposition also occurs on the membrane surface
along with cake layer formation and it compaction (Lee et al., 2021). At mesophilic
temperature, the percentage of flux decline was 58% (439.2-182.1 LMH for 50 kDa)
at pH 5.4 within an interval of 21 min. This drop in flux was similar to the situation
that occured when effluent with an initial pH of 4 was applied. As expected, the
permeability of the 10 kDa membrane was observed to be less than that of 50 kDa.
After 35 min of filtration (durations were set based on same permeate volume
collection), the highest flux decline (289.2-64.2 L MH) was observed for 10 kDa at
pH 5.4 (77%). At pH 4, the initial flux (96.2 LMH) through the 10 kDa membrane
was the lowest value observed in all of the treatments. This presents the tradeoff
between selectivity and permeate flux, which should be evaluated based on the
productivity needed versus purity of the final product of filtration. A possible
explanation to the trends observed is that the larger pore sized membranes are more
susceptible to pore blockage by foulants and. Also, as they have a higher convective
throughput, there is a greater driving force for particle deposition on the membrane
surface compared to membranes with smaller pore sizes (Liu et al., 2021). Moreover,
as mentioned in the previous section, temperature plays a role in changing membrane
selectivity and permeability. In this regard, the results clearly indicate that UF
filtration at room temperature resulted in a reduction in the permeate flux drop when
compared to that of mesophilic temperature. This can be both due to the lack of
flexibility of membrane pores in expansion and higher viscosity of the permeate
solution as a result of low temperature.
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Figure 5.8 Changes in the permeate flux during ultrafiltration of VFA-containing
effluent (Temperature 37° C, Pressure=5 bar) (A) and Room temperature, Pressure=5
bar (B).
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5.2 Feasibility of nanofiltration process for high efficient
recovery and concentrations of food waste-derived

volatile fatty acids

5.2.1 Introduction

Waste biorefinery models are one of the emerging concepts complying to
fundamentals circular economy while compassing the Sustainable Development
Goals (SDGs) adopted by The United Nations (Venkata Mohan et al., 2016, Leong
et al., 2021, Naddeo and Taherzadeh, 2021). Among the organic waste streams of
interest to be used in a waste-based biorefinery, food waste (FW) is considered as
one of the most available (regardless of location), rich in a mixture of carbohydrates,
proteins, lipids and other nutrients, and therefore a good candidate as a feedstock to
a biorefinery (Bigdeloo et al., 2021). Annually around 1.3 billion tons of food waste
is generated worldwide, as estimated by the Food and Agriculture Organization
(FAO) (Papargyropoulou et al., 2014). FW, if not properly handled, can cause
negative environmental impacts such as greenhouse gas emissions, and land, air and
water pollution. Conventionally, food waste management was carried out through
composting, incineration, and landfilling, which are not the most praised strategies
when it comes to resource efficiency, nutrient recovery environmental benefits
(Schanes et al., 2018). Additionally, these management processes are facing
technological and compliance feasibility issues (Salemdeeb et al., 2017, Thi et al.,
2015). Thus, selecting an environment-friendly and economic oriented management
approach within the framework of turning food waste into value-added products is
highly demanded (Ma and Liu, 2019).

Anaerobic digestion (AD) has been acknowledged as a sustainable and feasible
organic waste valorization technique due to its high conversion efficiency, cost-
effectiveness and technical viability (Ren et al., 2018, Xu et al., 2018b). In the AD
process, food waste is loaded in an anaerobic digester that where is four main
successive stages of hydrolysis, acidogenesis, acetogenesis, and methanogenesis
organic matter is converted to biogas (methane (53-70%), carbon dioxide (30-50%),
other gaseous compounds) and digestate. However, intermediate products of AD
such as VFAs are of more market appeal and unit value compared to biogas
(Wainaina et al., 2020a, Kleerebezem et al., 2015, Li et al., 2021). VFAs are
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carboxylic acids (acetic acid, propionic acid, butyric acid, valeric acid and caproic
acid) containing six or fewer carbon atoms in their chain. AD-assisted waste-derived
VFASs production is considered as a sustainable platform compared to the currently
achieved synthetic route, i.e., fossil-based sources (Huq et al., 2021, Aydin et al.,
2018). VFAs have many industrial applications from bioplastics and biofuels to
cosmetics and pharmaceuticals (Agnihotri et al., 2022). However, in order to market
VFAs acquired from AD, VFAs should be effectively recovered/separated (collected
in pure form) from microorganism particle-riched mixed effluent and concentrated
to favorable levels (Atasoy et al., 2018, Chen et al., 2021).

Various technologies such as adsorption, electrodialysis, ion exchange and solvent
extraction have been used to improve the VFASs purity in AD fermentation liquid
(Pervezetal., 2022b). Above all, membrane technology has proved to be a promising
sustainable and energy efficient solely physical approach towards VFAs recovery
(Ramos-Suarez et al., 2021b, Bhatt et al., 2020). Due to mechanisms involved in
permeate selectivity, nanofiltration has attracted widespread attention in recent
years. The pore sizes of the nanofiltration membranes lie between 1-10 nanometers
that are beneficial for rejecting low molecular weight VFAs. The retention
mechanism of the NF process is dominated by charged and size exclusion. Several
literature have shown the ability of NF in VVFAs recovery. Han et al. (Han and
Cheryan, 1995) screened several NF membranes for acetic acid recovery from model
solutions. In addition, Zacharof et al. (Zacharof et al., 2016) used the NF process to
treat agricultural wastewater, and 75% of VFAs compounds, including acetic and
butyric acid, were recovered. Regardless of the great interest in the application of
FW in a waste-biorefinery and the complexity involved in waste generated VFAS
separation, purification and concentration from FW digestate, there is lack of
available information in the application of pressure-driven membrane processes in
this regard.

Therefore, in this study, actual ultrafiltered VFAs effluent was provided from a semi-
continuous microfiltration immersed membrane bioreactor set up for anaerobic
digestion of food waste. The obtained VFAs effluent was then subjected to NF with
alternation in defining parameters. The effect of changes in the pH of the media and
NF membrane pore size during the experimental work on VFAS recovery percentage
was investigated. Furthermore, a two-stage recyclability system was carried out for
the improvement in the VFAS recovery performance. The results acquired in this
research work will present a new insight on the essential role of pressure-driven
membranes in the development of new generations of waste-based biorefinery.
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5.2.2 Materials and methods

Materials and reagents

For the nanofiltration feed solution, a certain amount of ultrafiltered permeate
solution was collected from the resultant effluent of an immersed microfiltration
acidogenic fermentation MBR using food waste as feedstock (Parchami et al.,
2020b). As the MBR was working parallel to the ultrafiltration and nanofiltration,
all collected samples were stored in the lab refrigerators at 4°C for 24 hours prior to
use. The solution's pH values were adjusted with the addition of 1 mol L sulphuric
acid and sodium hydroxide. Two different commercial flat sheet nanofiltration
membranes, TS 40 and XN 45 (Microdyn Nadir, Germany), were used in the current
study, and their characteristics are presented in Table 5.5.

Table 5.5 Characteristics of used nanofiltration membranes.

Name TS 40 XN 45

Producer Microdyn Nadir Microdyn Nadir
MWCO (Da) 200-300 300-500

Type flat sheet flat sheet

Membrane backing material Non-Woven Polyester Non-Woven Polyester
Membrane chemistry Thin-Film Polypiperazine Thin-Film

Polypiperazine
Flux Range (I m2h?) (GFD)  40.8 -61.2 (24.0 -36.0) 47.6 -73.1 (28.0 -43.0)

Thickness (pum) 130-170 130-170
pH Range 1.012.0 1.012.0
Chlorine Tolerance <0.1ppm <0.1ppm

Nanofiltration procedure

A commercial laboratory-scale cross-flow filtration cell of the Koch membrane
system (KMS LABCELL CF-1, United Kingdom) was used for the nanofiltration
experiments. The schematic diagram of the filtration unit is presented in Figure 5.9.
The membrane effective area was 28 cm?. The operating mode was batch-wise with
constant temperature (20-21°C) and applied pressure of 15 bar through the
application of high-pressure nitrogen. A new membrane was used for every
experimental run which was flushed for 45 minutes with MiliQ water before loading
the feed solution. Before starting each filtration batch, the liquor was decanted at
room temperature for 2-3 hours. A 200 mL feed solution was typically used for every
NF batch, aiming at 50 mL retentate collection. In time intervals of 2 min, the
permeate solution weight was recorded using for the measurement of permeate flux.
The pH of the VVFAs effluent obtained from the MBR was adjusted before NF to 4,
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5.4, 7 and pH 9 for both membranes. After each experimental run, the filtration unit
was cleaned twice with NaOH solution (pH 10) and finally rinsed MiliQ water.
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Figure 5.9 Schematic diagram of the nanofiltration system.

Analytical methods

Solution pH was measured using a FiveEasy F20 pH meter (Mettler Toledo, OH,
USA). Total suspended solids (TSS), total solids (TS), dissolved solids (DS), volatile
suspended solids (VSS), and volatile solids (VS) were continuously measured by
following the standard methods of the American Public Health Association
(Federation and Association, 2005). CSB 15000 test kit was used for the
measurement of soluble chemical oxygen demand (SCOD) and total chemical
oxygen demand (TCOD), Ammonium 100 test kit for ammonium nitrogen
concentration (NH**-N) and Phosphate 45 for orthophosphate concentration (PO4*—
P), respectively, (MACHEREY-NAGEL GmbH & Co. KG, Germany) using a
portable Nanocolor 500D Photometer. The concentrations of VFAs (Acetic acid,
HAC; Propionic acid, HPr; Isobutyric acid, HiBu; Butyric acid, HBu; Isovaleric acid,
Hiva; Valeric acid, HVa; Caproic acid, HCa) were determined using high-
performance liquid chromatography (HPLC, Waters Corporation, Milford, CT,
USA) equipped with an H.-based column. The detailed operating procedures can be
found in our previous study (Wainaina et al., 2019c). A Biochrom Libra S50-based
UV-Vis spectrophotometer (Biochrom Ltd., Cambridge, UK) was used for the
measurement of the color change of different liquid streams of feed, permeate, and
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retentate using wavelengths between 200-600 nm. The recovery or retention
percentages of VFAs compounds and membrane permeate flux was calculated
according to Eq. 1 and Eq. 2, respectively.

C.
Rreco = (1= 22) x 100 &

Where Cp represent the concentration of permeate and Cr denotes the feed
concentration, respectively.

]permeate = (j_;):<§;i> 2)

Where V represent the amount of volume, t is time (h), membrane area (Anm), and Q¢
is the volumetric flow rate (L h).

Repeated filtration

A two-stage repeated NF filtration was proposed in this study according to the flow
diagram presented in Figure 5.10. Sequencing (SQ), as the first approach, was
conducted with a feed solution volume of 200 mL aiming at the collection of 50 mL
retentate and 150 mL permeate. After each SQ stage, 10 mL solution was withdrawn
from the retentate for further characterization and a fresh 160 mL feed solution was
added in the 2", This procedure was further applied in cycle 3. For recirculation
(RC) experiments the same initial feed volume of 200 mL was used in 3 consecutive
filtration cycles, however, in this case after every filtration cycle the 150 mL
permeate was returned back to the filtration tank joining the retentate for another
round of filtration.
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Figure 5.10 Two-stage recyclability system of nanofiltration.
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5.2.3 Results and Discussion

The effect of pH in changes in physicochemical parameters of the media during
NF

Physicochemical parameters are regarded as one of the most important factors
defining the aquatic environment quality. The pre-treated ultrafiltered solutions were
subjected to nanofiltration (Table 5.6 and 5.7). As can be seen, NF reduced the solids
content (TS, TSS, DS, VS, VSS) significantly. For 200-300 Da membrane (Table
5.6), the removal percentage of total solids was 63% (3.17 to 1.17 g L™?) at the as
received pH 5.4, but it increased to 85% (3.17 to 0.46 g L) as the pH was reduced
to 4. On the contrary, when pH was increased to 7 and 9, the removal percentage
reduced marginally to 83-78%. The same trend was also noticed for 300-500 Da
membrane (Table 5.7). The results prove that at lower pH (pH 4) better solid removal
is obtained in the aforementioned NF membranes, attributed to the generation of
electrostatic attraction at low pH between negatively charged particles and positively
charged membrane surface. When electrostatic attraction occurs, the membrane
surface allowed passing the particles from their pores and showed a higher removal
rate (Mahmoud et al., 2003a). Furthermore, as seen, the larger amount of solids
contents removal produces transparent permeate solutions and reduced absorbance
values (Figure 5.11 A and B).

The COD contents are linearly decreased in the permeate solutions for both
membranes at different pH. As can be seen in Table 5.6, the feed TCOD
concentration was 6.85 g L?, whereas the permeate TCOD concentration decreased
to47gL*(pH4),3gL*(pH5.4),1.15g L (pH 7)and 0.5g L (pH 9). As a
result, the removal efficiency of 31.38% increased to 92.70% when the pH value
reached 9. On the other hand, the corresponding TCOD removal efficiency increased
from 21.16% (pH 4) to 76.64% (pH 9) by 300-500 Da membrane (Table 3),
expectedly lower than that of the 200-300 Da membrane. Moreover, in both cases,
the removal percentage trend of SCOD was higher than TCOD removal efficiency
(Table 5.6 and 5.7). The obtained results can be supported by the previous studies
stating that the concentration of hydroxide ions is increased at higher pH, thereby
promoting the production of hydroxyl free radicals on a large scale contributing to a
higher removal efficiency of TCOD and SCOD in the permeate solution (Aziz and
Kasongo, 2021a, Capar et al., 2006).
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Figure 5.11 UV-Vis spectra of DI water, feed, retentate and permeate upon
nanofiltration membrane (200-300 Da) (A), and upon nanofiltration membrane (300-
500 Da) (B).

Given the characteristics of the nanofiltration process, it has proven to be promissing
for nutrients such as NH*-N and PO,*-P recovery from fermentation broth
(Rongwong et al., 2018b, Gerardo et al., 2015). As can be seen for NH**-N, the feed
concentration was 145 mg L™ while after filtration, the retentate concentration
reached 445 mg L and 330 mg L at pH 9 for 200-300 Da membrane and 300-500
Da membranes, respectively (Tables 5.6 and 5.7). The reason could be that
ammonium ions are converted to ammonia at higher pH resulting in such increment
in NH**-N concentration in the retentate solution (Mohammed-Nour et al., 2019b).
For all assessed membranes, it can be noticed that when pH was adjusted to 4, the
retention concentration of NH**-N was increased to 415 mg L* (Table 5.6) and 325
mg L (Table 5.7), respectively, which can be due to the carboxylic group's
deprotonation behavior with the dense membrane in the nanofiltration process (Chu
et al., 2017Db).
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For PO4*-P, the pH has an apparent influence on the removal/recovery percentage
in nanofiltration process. The feed concentration of PO,*>-P was 62.75 mg L and
after nano filtered with 200-300 Da membrane, the retentate solution concentrations
were found to be around 178 and 173.25 mg L for pH 4 and 5.4, respectively (Table
5.6), and for 300-500 Da it appeared 126 and 112 mg L™ (Table 5.7). Whereas as the
pH increased to 7 and 9, the retention solution concentrations decreased to 171.75
mg L*and 33.75 mg L* as for 200-300 Da (Table 5.6); however, in the presence of
300-500 Da, the retention concentrations also reduced to 117.75 mg Lt and 12.25
mg L (Table 5.7). This means that lower pH increased recovery efficiency while
higher pH improved removal percentage of PO,*-P. It could be explained by
electrostatic attraction between negatively charged phosphate ions and positively
charged nanofiltration membrane surface at lower pH, thereby increasing the
recovery efficiency and for higher pH, vice versa (Camarillo et al., 2009). Further,
this result is in agreement with previous studies dealing with PO,*-P riched effluents
treatment by nanofiltration (Nir et al., 2018, Niewersch et al., 2014).

The effect of pH on VFASs recovery during NF

The nanofiltration process is an attractive choice for the recovery of chemical
compounds such as VFAs. However, it is observed that various operational
parameters play a role in NF performance. Solution pH has been identified as one of
the most influential parameters in compounds retention during NF. Hence, the
concentrations and recovery percentages of individual VFASs as a function of pH was
investigated (Table 5.8 and 5.9). As shown in Table 5.8, for HAc, the recovery
percentage increases from 65% to 98% as solution pH increased from 4 to 9. The
same trends are noticed for HPr (55%-93%), HiBu (31%-98%), HBu (53%-96%),
HiVa (32%-83%), HVa (21%-60%), HCa (48%-96%) and TVFAs (50%-91%) when
the solution pH increased from 4 to 9. It can be observed that concentrations and
recovery percentages for all VFAs increase when the solution pH increases, except
for HPr, HiBu, HBu, HVa and HCa, which at pH 7 show higher recovery percentages
than HAc. This phenomenon has been achieved due to the variations of molecular
weight, meaning that higher molecular weight represents a better recovery
percentage. Similarly, Xiong et al. and his colleagues (Xiong et al., 2015), evaluated
that at pH 7 acetic acid has a lower recovery percentage than butyric acid because of
its lower molecular weight

Moreover, the retention mechanism of the nanofiltration process can be described by
the size and charged effect. At pH 4, it can be found that a smaller amount of VFASs
compounds are recovered because of the size effect. Since VFAs compounds are
generally uncharged at pH 4, and they have lower molecular weights (Table 5.10)
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than the pore size (MWCO) of the membrane, thus leading to a low recovery
percentage. On the other hand, when pH values of 5.4, 7 and 9 are selected, the
recovery percentages are significantly increased. This is mainly attributed to the
charge effect. VFAs (see pKa values in Table 5.10) and nanofiltration membranes
are negatively charged at higher pH (above isoelectric point). Therefore, electrostatic
repulsion occurs, preventing VFAs to pass through the membrane resulting in a
higher recovery percentage. Similar results have been reported in several previous
works regarding higher VFASs recovery at higher pH in the nanofiltration process
(Zhu et al., 2020b, Zhang et al., 2018b, Zacharof and Lovitt, 2013c, Bellona and
Drewes, 2005).

NF membrane with a larger pore size (300-500 Da) was also applied for the recovery
of VFAs at different pH. As shown in Table 5.9, a similar increasing trend was
observed for concentration and recovery percentages of VFA, but the performance
was distinctively poorer than that of the membrane with a lower MWCO. For HAc,
the recovery percentage achieved at pH 9 was 90% reaching a concentration of 4.52
g L%, while the recovery percentages were higher for HBu (93%) and HCa (94%).
Also, for pH 7, the recovery percentages of HBu (84%) and HCa (82%) were higher
than HAc (76%). However, when the pH was adjusted to 4 and 5.4, the recovery
percentage of HPr was dominant with 53% and 54%, respectively. It can be seen that
the retention performance of HBu and HPr is favoured over HAc, which may be
achieved due to the higher molecular weight of the former compounds (Van der
Bruggen et al., 2002, Van der Bruggen and Vandecasteele, 2003).

Overall, to summarize the influence of pH on VFAs concentration and recovery
percentage, it seems that lower pore size membrane TS 40 has shown better
performance than higher pore size membrane XN 45. However, pH 9 was found to
be the best for both membranes. Therefore, it can be concluded that TS 40 membrane
at pH 9 for VFAs recovery would be a feasible choice for NF of food waste-based
anaerobically digested liquid.
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Table 5.10 Characteristics of VFAs compounds.

Name Chemical  Structure Molecular Dissociation

formula weight constant (pKa)

(gL at 25 °C
Acetic acid CyH40; 0 60.05 4,76
HsC™ OH

C3Hs02 0 74.08 4.88
Propionic H-C
acid 3 \)LOH

C4Hs0: @) 88.11 4.82
Butyric /\)L
acid HaC OH

CsH1002 0 102.13 4.84
Valeric
acid \/\)]\

OH
CeH1202 o) 116.15 4.88

Caproic /\/\)J\
acid OH

Membrane performance during NF

The membrane performance was evaluated through recording the changes in in the
permeate flux during nanofiltration. Figure 5.12 and 5.13 show the flux time profile
for 200-300 Da and 300-500 Da MWCO membranes, respectively for filtration
conducted at different values of pH. As can be seen, that flux rate decreased with
time that could be attributed to different fouling mechanisms in a semi-dead-end
filtration systems such as concentration polarization and gel layer formation on the
membrane surface leading to a declining flux trend (van den Berg and Smolders,
1990).
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Figure 5.12. Flux-time profile at various pH for 200-300 Da nanofiltration membrane

(Temperature 20-21°C, Pressure=15 bar).
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Figure 5.13 Flux-time profile at various pH for 300-500 Da nanofiltration membrane

(Temperature 20-21°C, Pressure=15 bar)

The average permeates flux is calculated and presented in Table 5.11. It was noticed
that the highest flux occurred at pH 4 for both membranes used, with XN 45 offering
the highest rate of about 84.79 | m2h? (Table 5.11). On the contrary, at pH 9, the
permeate flux was considerably lower for all treatments, with the smallest flux
obtained for TS 40 at 52.91 | m2h! (Table 5.11). This can be potentially correlated
with the maximum recovery percentage of VFAs at pH 9 as a common phenomenon
in a dead-end nanofiltration systems (Zhang et al., 2018b, Werber et al., 2016, Lyu

etal., 2016).

It is observed that acidic conditions favored permeate flux through membranes,
which can be described by the neutralizing behaviour of membranes, as pH
decreases, the membrane's surface charge moves near the isoelectric point, resulting
in an increase in flux across the membranes (Al-Amoudi and Lovitt, 2007, Al-

Amoudi et al., 2008).
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On the other hand, alkali conditions reduce the flux through the membranes.
Generally, polyamide-based nanofiltration membranes are strongly affected by
solution pH. The membrane morphology changes under alkali conditions as the
surface layer swells as a function of hydration, thereby decreasing liquid passage
through the membrane pores, consequently lowering the flux. Overall, previous
research fully support the results acquired in this study regarding changes in
permeate flux by pH (Freger et al., 2000, Xiong et al., 2015).

Table 5.11 Permeate flux rate at various pH using two nanofitration membrane.

Solution pH Permeate flux (I m2h)
200-300 Da 300-500 Da
4.0 58.75 84.79
54 56.95 73.94
7 55.71 70.68
9 52.91 62.40

Permeate recirculation and sequential filtration

In this stage of study the aim was to investigate the influence of recirculation and
refiltration of permeate on VFAS recovery rate and also the effect of stage-wise batch
reloading on VFASs retention and accumulation. For this purpose, a two-stage
recycling process was designed, including sequencing (SQ) or recirculation (RC) of
up to 3 cycles as presented in Figure 5.10. As the results present, when sequencing
NF cycles were introduced (Figure 5.14a), the concentration and recovery
percentages of individual acids and total VFAs (inset) was enhanced by the number
of cycles.

For each cycle, fresh feed solution was added to the existing retentate solution.
Among all VFAs, HAc was dominant with an increased concentration from 1.25 to
9.36 g L* up to the 2" cycle, while at the 3 cycle, HBu turned to be the main
recovered product with a concentration of 13.26 g L. Interestingly, total recovery
of HBu, HiBu, HiVa, HVa and HCa was achieved by the end of the 3rd cycle. These
results confirm that the higher molecular weight favored achieving better recovery
percentages (Van der Bruggen et al., 2002). Therefore, the composition of the
effluent obtained from the microfiltered anaerobic MBR plays an important role in
defining the dinal distribution of VFAs after NF (Wainaina et al., 2019c, Parchami
et al., 2020b, Wainaina et al., 2020a). Moreover, the concentration of total VFAs has
shown significant jump from 4.65 to 41.42 g L™ (around 96% recovery at the 3"
cycle) introducing NF as a promising approach for VFAs recovery and concentration
(Young et al., 2013, Ramos-Suarez et al., 2021a).
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The recirculation method was applied to the same effluent in order to investigate
VFASs build up behavior through recirculation of permeate. The results of this stage
are presented in Figure 5.14b. The experiments were repeated up to 3" cycle using
the previous cycles permeate as a feed solution into the existing retentate. It was
observed that the concentration and recovery percentages of individual acids
experience a slight decrease by cycle addition. For HAc, the concentration increased
a marginally (5.75 to 5.79 g L™ for the 1st and 2nd cycle, respectively), however, it
reduced to 4.98 g L by the 3" cycle. This trend was also observed for the rest VFAs
compounds. In addition, the recovery percentage dropped to 40-50% in each cycle
for individual VFAs. This observation implied that the acids have not been in the
liquid retentate but adsorbed in small amounts on the surface of membrane because
of limited adsorption sites available during the recirculation method (Jiang et al.,
2018, Yang et al., 2013b, Ahsan et al., 2014).
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Figure 5.14 VFAs concentration and recovery percentages for NF (a) sequencing and
(b) recirculation experiments
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6. CONCLUSIONS AND FUTURE PERSPECTIVE

The findings in this thesis demonstrated that the electrospun nanofiber membranes
and pressure-driven membrane filtration technologies application potential of
wastewater treatment (methylene blue removal) and resource recovery (VFAS
purification and concentration), respectively. The following conclusions can be
listed as follows:

e As an additive, HPC is claimed to have potential use in treating industrial
wastewater. HPC was successfully used to develop a new PES-based
electrospun nanofiber membrane in the current study. According to
morphological evidence, the synthesized PES/HPC blended nanofiber
membrane was devoid of beads and had an ultrathin diameter (261.5 nm)
compared to the original PES nanofiber membrane (168.5 nm). Furthermore,
it displayed increased hydrophilicity, thermal stability, and mechanical
stability, all of which are important properties in the adsorption process.
Aside from that, it demonstrated increased hydrophilicity as well as thermal
and mechanical stability, all of which are critical in the adsorption process.
PES/HPC nanofiber membrane took only 840 minutes (where 75% of MB
adsorbed within 360 min) to achieve equilibrium, while 1080 minutes was
required for pure PES nanofiber membrane, and kinetics data revealed that
the pseudo-second-order (PSO) model has performed much better than the
pseudo-first-order (PFO) model. The findings of the adsorption isotherms
revealed that the PES/HPC blended nanofiber membrane has an excellent
MB adsorption capacity of 259.74 mg/g at neutral pH at room temperature,
which is much superior to the pure PES nanofiber membrane (48.00 mg/g)
obeying the Langmuir model. With regard to ionic strength, the adsorption
capacity of the PES/HPC was decreased with increased ionic strength
concentrations but the recyclability was maintained for up to 5 cycles with
good adsorption results.
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In addition to the previous observation, another novel PES-based
electrospun nanofiber membrane was obtained by incorporating PAN as an
additive reported to have a potential application for treating industrial
wastewater. Subsequently, investigating the morphological data suggested
that the synthesized PES/PAN blended nanofiber membrane was beads free
with an ultrathin diameter (151.5 nm) with good hydrophilicity, thermal and
mechanical stability that are essential in the adsorption process. In this case,
MB adsorption equilibrium reached within 12 h for PES/PAN and 18 h for
PES, and adsorption capacity of MB reached to 1010 mgwms/g at neutral pH
under room temperature by maintaining pseudo-second-order model (PSO)
and the Langmuir model. Adsorption capacity was reduced in the presence
of some inorganic anions and recyclability continued up to 5 cycles.

In this work, long-term (98 days) production and in-situ recovery of volatile
fatty acids from food waste was obtained using a microfiltration-assisted
anaerobic membrane bioreactor. The higher concentrations of VFAs above
16 g/L (0.2 gVFA/gVSaed) Was achieved thanks to the inhibition of
methanogenesis. MBR filtration capabilities were challenged at high TSS
content of above 45 g/L in this study. The purification and concentration of
VFAs were boosted after the combination of a downstream ultrafiltration
after the microfiltration of the VFAs effluent. A permeate that is rich in
VFAs could be successfully recovered through ultrafiltration using 10 and
50 kDa MWCO membranes. The recovered final solution is free of particles
and microorganisms, low in COD (other than that contributed by VFAS),
ammonium and phosphorous content. However, it was observed that the
purified concentration of VFAs after MF-UF was not ready to use directly
for the final application because of having other substances. Therefore,
another downstream purification process is required, such as adsorption,
distillation, nanofiltration/reverse osmosis in order to get high purity VFAs
solution.

Thus, the present study has been employed NF as an effective downstream
process for the removal and/or recovery of VFAs and other medium
nutrients from the effluent of food waste AD. Two commercially available
nanofiltration membranes of 200-300 Da and 300-500 Da MWCO were used
at varying solution pH (4 to 9). The nanofiltered permeate was almost
particle-free solution (more than 80% of solids substances eliminated), plus
more than 90% of COD was removed at pH 9. Alongside, the recovered
concentration of ammonia and NH**-N and PO4*-P recovery was increased
at higher working pH (9). It was proven that at higher pH VFASs recovery
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was enhanced, with acetic acid exhibiting high recovery rates of up to 98%
at a pH of 9. However, in contradiction to lower pH ranges (pH 4) increase
in the pH came at the expense of reduction in permeates flux (52.91 | m2h't
for 200-300 Da). The electrostatic state of the membrane, forms of acids and
membrane pore size played defining roles during NF at different pH.
Furthermore, two approaches of NF sequencing and recirculation where
applied to the feed solution, where through sequencing complete recovery
for butyric, valeric and caproic acids were obtained by the 3™ cycle. Overall,
the results presented provide clear evidence for the suitability of pressure-
driven membrane filtration for VFAS recovery in a waste-based biorefinery.

FUTURE PERSPECTIVE

Research undertaken in this thesis contributes to a better understanding of the
possible use of electrospun nanofiber membrane in the purification of food industries
wastewater and pressure-driven membrane filtration in recovering resources from
food waste-based feedstock. Although the results obtained suggested the feasibility
of both membrane types, future research and development efforts might focus on the
following areas:

Electrospun nanofiber membrane cited their less mechanical properties and
stability that are unreliable for long-term operation, preparation of hybrid
electrospun nanofibers-based membranes by incorporating various high-
performance polymers and nanomaterials should be carried out in order to
tailor their functional properties (creating more pollutants capture sites on
their surface) towards effective treatment of industrial wastewater.

The application of electrospun nanofibers membranes should be extended
by treating other kinds of food dyes, COD, BOD, phosphorous, ammonia,
and real food industry wastewater effluent contained various substrates for
enhancing their technical and economic feasibility.

The integration of electrospun nanofibers membranes into the pressure-
driven membrane filtration in replacing the conventional membranes should
be performed in order to set up next-generation electrospun nanofibers
membranes filtration based technology for resource recovery as well.
Driven by the promising performance of the pressure-driven membrane
filtration for VFAS recovery, it is also interesting to utilize machine learning
insights for further process intensification.
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