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Abstract: Water is needed for food processing facilities to carry out a number of tasks, including
moving goods, washing, processing, and cleaning operations. This causes them to produce wastewa-
ter effluent, and they are typically undesirable since it contains a high volume of suspended solids,
bacteria, dyestuffs, salts, oils, fats, chemical oxygen demand and biological oxygen demand. There-
fore, treatment of food industry wastewater effluent is critical in improving process conditions,
socio-economic benefits and our environmental. This short review summarizes the role of available
membrane technologies that have been employed for food wastewater treatment and analyse their
performance. Particularly, electrospun nanofiber membrane technology is revealed as an emerging
membrane science and technology area producing materials of increasing performance and effective-
ness in treating wastewater. This review reveals the challenges and perspectives that will assist in
treating the food industry wastewater by developing novel membrane technologies.

Keywords: food industry wastewater; membrane processes; electrospun nanofiber membranes; fouling

1. Introduction

Increased population growth and urbanization have led to water scarcity around the
world. Literature data shows that industrial sectors use 4 trillion cubic meters of water per
annum, while clean water for daily human consumption is estimated at around 0.01 trillion
cubic meters [1–5]. 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 [6–9]. Therefore, industrial wastewater
treatment would be a feasible solution to overcome the freshwater shortage and contribute
to the sustainability of our environment.

Food industry along with textiles and other industries has been recognized as one of
the major water consumers and for generating wastewater. Water consumption is needed
for the processing of raw material and for washing, heating, and cooling stages of its
use [10,11]. Furthermore, it has been pointed out that the utility part is the main contributor
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to large volumes of annual wastewater generation [12]. Studies showed that effluents
from the food processing industry contain complex compounds which are difficult to re-
move [13,14], hence, requiring efficient treatment technologies. There are numerous meth-
ods which have been applied to treat food industry wastewater such as physical-chemical
systems (coagulation, filtration, evaporation, centrifugation and gravity concentration) [15],
adsorption [16], Fenton oxidation [17,18], ozone [19], microalgae cultivation [20], con-
structed wetlands [21], UV disinfection [22], plasma [23], microbial fuel cells (MFCs) [24],
etc. However, their high operation cost and the generation of secondary pollutants have
limited their applications [25–27].

Recently, there has been a growing interest in developing environmentally friendly,
cost-effective, and efficient treatment systems for the treatment of food industry wastewa-
ter. Membrane processes show great potential owing to their unique advantages, such as
high-quality effluent performance, less energy required, and easy operation [28]. 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 (RO)), forward osmosis (FO), electrodialysis (ED), membrane con-
tactors and membrane distillation (MD) [29]. Membranes are fabricated through several
methods, including phase inversion [30,31], sintering [32], track-etching [33] and wet
spinning [34]. However, these processes showed several environmental concerns, high
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 [35,36]. Electrospun membranes, generally termed 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 [37].
Several studies were reported in literature for the application of electrospun nanofibers
in MBRs [38,39], MF [40], UF [41], NF [42], RO [43], ED [44], MD [45], membrane con-
tactors [46] and FO [47]. We believe that writing a short review on the applications of
electrospun nanofiber membranes in the food industry wastewater treatment is essential to
state the current status of the research progress and its future potential suggesting research
directions for further developments.

To the best of our knowledge, there are no papers demonstrating the effect of con-
ventional membranes and new generation membranes such as electrospun nanofiber
membranes for food industry wastewater treatment. Therefore, the main goal of this short
review is to analyze the reported studies in the literature over the previous decades with a
general overview of food industry wastewater and focusing on the performance of con-
ventional membrane processes. Then, the current developments of electrospun nanofiber
membranes for the treatment of food industry wastewater will be critically discussed,
which are also supported by experimental investigations. Lastly, this review will cover
the major challenges in membrane processes such as membrane fouling with mitigation
strategies and finally provide recommendations and future perspectives.

2. 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 also be present
depending on raw materials and processing procedures [48]. Typical characteristics of food
industry wastewater are presented in Table 1.

Tentative comparison of the wastewater parameters for different food industry sec-
tors could be made by measuring their initial effluent quantity (Table 2). For instance,
soybean processing industries generate 7 to 10 tons of wastewater in which various
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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 [49]. The
dairy industry produces wastewater containing high concentration of solids and 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 [50]. 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 [51]. In starch processing industries,
carbon, nitrogen and phosphorus (330:30:1 in molar ratio) are present in higher concen-
trations with COD concentration ranging from 6 to 56 g/L [52]. The wastewater effluent
collected from other industries such as meat processing, winery and brewery has higher
content of mineral compounds [53–55]. Direct discharge of food industrial wastewater
effluents into the environment can cause human health problems because the presence of
refractory organics at high concentrations are not easy to remove using a typical treatment
process [56,57]. Thus, it is clear that the wastewater generated by all sectors of the food
industry must be combated by using highly efficient treatment processes.

Table 1. Typical characteristics of food industry wastewater.

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

Table 2. Different types of food industries wastewater characteristics.

Sources Main Components of Wastewater Characteristics Ref

Dairy Proteins, detergents, lactose, and lipids

BOD = 442 mg/L
COD = 8960 mg/L
TDS = 253.6 mg/L

pH = 7.10

[58]

Olive mill Phenols, pectin, sugars, fats, oil, salts and carbohydrates

BOD = 4426 mg/L
COD = 55,730–156,000 mg/L

Total phenol = 2439–8300 mg/L
pH = 5.6

[59,60]

Slaughterhouse Nitrogen, sodium, potassium, calcium and fats

BOD = 1209 mg/L
COD = 4221 mg/L

Total nitrogen = 427 mg/L
pH = 6.95

[61]

Fruits Carbohydrates, minerals, nitrogen phosphorus and salts

BOD = 860 mg/L
COD = 919 mg/L

Total nitrogen = 40 mg/L
pH = 5.5–7.2

[62]

Seafood Sodium chlorides, phosphorus, nitrogen, salts, fats and grease

BOD = 3250 mg/L
COD = 13,180 mg/L
Salts = 2–5% (w/v)

pH = 5–7

[63]

3. Membrane Technologies for Food Wastewater Treatment

In view of the adverse effects of food industries wastewater on the socio-economic
development, environment and public health system, involving the generation of contami-
nants and solid particles free effluent is an important aspect before discharge. If the water
quality meets particular regulatory standards, the treated wastewater may be re-used,
giving an alternate method of reducing the strain on freshwater sources [64]. This section
emphasizes on the use of various membrane-based technologies that have seen significant
growth in treating food wastewater.
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3.1. Membrane Bioreactor

Membrane bioreactor (MBR) processes have proven to be quite effective in the re-
moval of organic and inorganic contaminants from wastewaters. It has achieved growing
popularity in recent years as a result of more strict environmental regulations and an
increase in water reuse policies. The widespread use of MBR is attributable to its reliability,
scalability, lower sludge generation, good efficiency, simplicity of operation, and smaller
footprint [65]. MBRs wastewater treatment process is accomplished using a combined
biological process (organic pollutant biodegradation) and filtration (accountable for the
separation of treated water from solids effluent through the use of a membrane panel).
Typically, 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 1) [66]. With over 30 years of
experience, this technology has provided the benefits of treating wastewater, as a result,
MBRs are preferred over other techniques for obtaining high quality treated wastewater,
such as activated carbon adsorption, filtration, and coagulation. Meanwhile, compared to
conventional MBRs, integration of MBR with other technologies such as FO-MBR, MBR-
RO/NF, advanced oxidation processes (AOPs)/electrocoagulation-MBR are considered
good potential candidates for wastewater treatment [67,68].
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Figure 1. Typical representation of anaerobic MBR (AnMBR) and aerobic MBR (AMBR).

Several studies investigated the effectiveness of MBRs in treating wastewater from
food industries. For instance, He et al. [69] 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/m3d of VLR [70,71]. Mixed liquor
suspended solid (MLSS) concentration also influences the performance of MBRs during
wastewater treatment. Katayon, S., et al. [72] 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 [73,74]. This
two-stage scheme was proposed because of their crucial advantages such as stability and
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 [75].
Thus, it can be speculated that the use of a designed modular MBRs operation may have
high prospects to improve the effluent quality of food industry discharged wastewater.
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3.2. Pressure-Driven Membrane Filtration

The pressure-driven membrane filtration processes are now considered the most
multifunctional 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 is 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 [76]. 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 [77]. Membranes are classified into MF, UF, NF and RO (Figure 2).

Water 2021, 13, x FOR PEER REVIEW 6 of 21 
 

 

 

Figure 2. Typical representation of pressure-driven membrane process. 

Recently, greater emphasis has been made on the application of the pressure-driven 

membrane filtration process in food wastewater treatment (Table 3) [78,79]. Generally, MF 

has been shown to produce particle free solutions from dairy wastewater effluents due to 

their larger pore size. It is known that the presence of solid particles may block the mem-

brane pores, which hinders 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 indus-

trial wastewater processes, accompanying much clear permeate effluent quality [80-82]. 

These studies demonstrated that the MF process could be an effective pretreatment step 

for the next membrane filtration process, such as UF. For instance, Zielińska et al. [83] 

conducted an experimental study with MF and UF alone, and with UF/MF combined to 

treat dairy wastewater. Results showed that MF alone could remove 89 ± 2% COD while 

using the UF process, the removal efficiency of COD increased to 95 ± 1%. This is at-

tributed to the sieve retention mechanism, in which particles are retained on the mem-

brane surface, and these differences were based on MWCO. UF was found to have a 

higher COD removal ability due to the lower cut-off value of the UF compared to the MF 

membrane [84]. 

This 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. The effluent quality turned out to be stand-

ard after being subjected to the NF process followed by the UF process. Zulaikha et al. [85] 

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 BOD5 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 impu-

rities in the water. NF membranes are well-known for their ability to reject almost all im-

purities 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 strin-

gent water reuse environmental regulations and standards [86]. When comparing the re-

moval 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 multiva-

lent ions, indicating that pore size and membrane surface charge plays a significant role 

Figure 2. Typical representation of pressure-driven membrane process.

In MF, membranes with larger pores typically s with diameters of about 10–0.1 µm
and MWCOs (>100,000 Daltons), can be effective for 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 process,
where the diameters of those membranes are 0.01–0.001 µm, equivalent to 200–1000 Da
MWCO. They are 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
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.

Recently, greater emphasis has been made on the application of the pressure-driven
membrane filtration process in food wastewater treatment (Table 3) [78,79]. Generally,
MF has been shown to produce particle free solutions from dairy wastewater effluents
due to their larger pore size. It is known that the presence of solid particles may block
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the membrane pores, which hinders 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 industrial
wastewater processes, accompanying much clear permeate effluent quality [80–82]. These
studies demonstrated that the MF process could be an effective pretreatment step for the
next membrane filtration process, such as UF. For instance, Zielińska et al. [83] conducted
an experimental study with MF and UF alone, and with UF/MF combined to treat dairy
wastewater. Results showed that MF alone 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
these differences were based on MWCO. UF was found to have a higher COD removal
ability due to the lower cut-off value of the UF compared to the MF membrane [84].

Table 3. Performance of pressure-driven membrane filtration for food industry wastewater treatment.

Type of Membrane Filtration Source Characteristics Performance Ref

MF Dairy wastewater

BOD = 890 ± 92 mg/L
COD = 3536 ± 328 mg/L

Turbidity = 623 ± 140 NTU
TSS = 1860 ± 220 mg/L

pH = 7.3 ± 0.3

COD Removal (%) = 89 ± 2
Color Removal (%) = 93 ± 5

Turbidity Removal (%) = 98 ± 4
[83]

UF Dairy wastewater

BOD = 890 ± 92 mg/L
COD = 3536 ± 328 mg/L

Turbidity = 623 ± 140 NTU
TSS = 1860 ± 220 mg/L

pH = 7.3 ± 0.3

COD Removal (%) = 95 ± 1
Color Removal (%) = 97 ± 6

Turbidity Removal (%) = 99 ± 5
[83]

NF Restaurant wastewater

BOD = 816.17–1097.25 mg/L
COD = 10,356.67–16,443.33 mg/L
Turbidity = 402.67–1208 NTU

TSS = 1860 ± 220 mg/L
pH = 4.49–6.15

COD Removal (%) = 99.4
BOD Removal (%) = 86.8

Turbidity Removal (%) = 99.9
[85]

RO Olive wastewater
Suspended

matter = 14–16 mg/L
COD = 120.5–226.6 mg/L

COD Removal (%) = 99.8 [86]

This 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. The effluent quality turned out to be standard after
being subjected to the NF process followed by the UF process. Zulaikha et al. [85] 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 BOD5 and conductivity were observed under the NF operation, which indi-
cates 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 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 environmen-
tal regulations and standards [86]. 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 [87,88]. How-
ever, having set a goal of obtaining high-quality permeate water, some observations still
need to be considered. Among these are 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
are present in food industrial wastewater effluents their recovery/concentration, is a signif-
icant benefit to the economic and environmental impact of effluents by pressure-driven
membrane filtration technology [89].
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3.3. Membrane Distillation

MD is a thermally-driven process that uses a hydrophobic membrane to separate feed
and permeate solutions. The MD process is operated by the difference in vapour pressure
caused by the temperature variation throughout the membrane surface. 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 (Figure 3) [90,91]. 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 from brackish water in regions where
their lack of water supply [92,93].

Water 2021, 13, x FOR PEER REVIEW 8 of 21 
 

 

 

Figure 3. Representative diagram of the 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 configura-

tions, 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 po-

tential to recover the phenolic compounds in the concentrate because it is a non-destruc-

tive technique towards the phenol content [94]. In the DCMD system, El-Abbassi et al. [95] 

used commercially available flat sheet polytetrafluoroethylene (PTFE) membranes 

(TF200, Gelman) having pore size around 0.2 μm to treat real olive wastewater in Mo-

rocco. Results showed that no effect was observed on the phenolic content and antioxidant 

ability when DCMD was applied at 80 °C. Notably, it was discovered that PTFE mem-

branes had a better polyphenols recovery efficiency (99%) than PVDF membranes (89%) 

[95]. 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 [96], MF/NF integrated MD system [97]. These studies showed that pre-

treatment technologies (MF/NF) play a significant role in enhancing the treatment effi-

ciency by removing solid particles, resulting in a high permeate quality effluent. 

3.4. Electrodialysis 

ED, proven technology for water desalination, acid and basic production, can reduce 

toxicity and separate ionic and non-ionic species from industrial effluents under the influ-

ence of applied electric potential. In principle, the conventional ED (CED) structure con-

sists of alternating arrangements between anode and cathode, with multiple cation ex-

change membranes (CCEM) and anion exchange membranes (AEM). 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 mem-

brane (Figure 4) [98]. In addition, a unique form of membrane called bipolar is used in an 

ED field. Bipolar membranes are composed of cation laminate and a layer of anion ex-

change [99]. These membranes, when using an electrical potential, ensure that an 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 mem-

brane stability compared to RO. Therefore, the use of ED technology has piqued the sci-

entific community’s interest because it is economical and efficient in water effluent [100]. 

Figure 3. Representative diagram of the 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
technique towards the phenol content [94]. In the DCMD system, El-Abbassi et al. [95]
used commercially available flat sheet polytetrafluoroethylene (PTFE) membranes (TF200,
Gelman) having pore size around 0.2 µm to treat real olive wastewater in Morocco. Results
showed that no effect was observed on the phenolic content and antioxidant 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%) [95]. 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 [96],
MF/NF integrated MD system [97]. These studies showed that pretreatment technologies
(MF/NF) play a significant role in enhancing the treatment efficiency by removing solid
particles, resulting in a high permeate quality effluent.

3.4. Electrodialysis

ED, proven technology for water desalination, acid and basic production, can reduce
toxicity and separate ionic and non-ionic species from industrial effluents under the in-
fluence of applied electric potential. In principle, the conventional ED (CED) structure
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consists of alternating arrangements between anode and cathode, with multiple cation
exchange membranes (CCEM) and anion exchange membranes (AEM). 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 mem-
brane (Figure 4) [98]. In addition, a unique form of membrane called bipolar is used in
an ED field. Bipolar membranes are composed of cation laminate and a layer of anion
exchange [99]. These membranes, when using an electrical potential, ensure that an 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 technology has piqued the scientific
community’s interest because it is economical and efficient in water effluent [100].
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ED offers the food industry three distinct advantages: better food safety, increased
economic competitiveness, and increased environmental friendliness. The most frequent
use 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. [101] used a
laboratory-scale ED and performed a series of experiments in order to reduce the organic
matter and conductivity simultaneously from wastewater by the almond industry. 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 indicate
that the most organic material is transmitted through the membrane and that the solution
of dilution decreases both its conductivity and organic content. Besides, ED was also
effectively reduced COD (85–90%) and acids and bases regeneration from salt-rich food
industrial effluents [102].

3.5. 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
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osmotic pressure difference (from low to high) over a semi-permeable FO membrane, and
as a result, this process does not require physical/hydraulic pressure during the operation
(Figure 5). 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. Because of this, the draw solution is dilute, and the feed solution
is concentrated throughout the procedure [103,104]. The advantages of FO have been stated
in the comparison to reverse osmosis (RO) processes to include fewer membrane fouling
and improved energy efficiency [105].
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FO membrane process is capable of removing nearly all of 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 the FO process. For instance, Gebreyohannes et al. [106] 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 to this, the general applicability of the
FO process in treating dairy and sugarcane molasses distillery wastewater effluents were
also examined [107,108]. The obtained results showed that 80–90% of COD has ultimately
been rejected upon the use of FO. The FO process is apparently shown to have potential
in treating food wastewater, however, many researchers suggested that the standalone FO
process is facing some challenges such as lower efficiency, and economic viability. Hence,
FO integrated with other competitive membrane operations such as nanofiltration, reverse
osmosis, membrane distillation, and electrodialysis would be suitable process intensification
candidates for enhancing their overall performance in purifying wastewater.

3.6. 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 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 a polymer
solution or melt that assist in collecting the fibers on a ground plate [109,110]. 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 type of polymer used, its
molecular weight, and the distribution of its molecular weight. The solution attributes
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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.

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 introduced in recent years. For ex-
ample, Chen et al. [111] reported a continuous antibacterial electrospinning nanofibers
membrane through the use of a roll-to-roll scale-up post functionalization approach. The
process’s capacity to scale and the technical difficulties that have been investigated so far
show that free-surface technologies have great scaling-up volume potential. Centrifugal
electrospinning, has also been shown to be capable of producing nanofibers with diam-
eters 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 function-
alities in the resulting nanofibers. These technologies also allow for scale-up production
when multi-needle approaches are combined appropriately to deal with multi-jet instabili-
ties [112]. In addition, several companies such as Inovenso (www.inovenso.com, accessed
on: 30 November 2021), Mecc Co. (www.mecc.co.jp, accessed on: 30 November 2021),
E-Spin Nanotech (www.espinnanotech.com, accessed on: 30 November 2021) and Elmarco
(www.elmarco.com, accessed on: 30 November 2021) have started to produce large scale
electrospun nanofiber membranes, leading the up-scaling trend. Consequently, mass-
production of continuous nanofiber membranes will also be realized for treating food
wastewater effluents.

Electrospun nanofiber membranes are rarely utilized for the treatment of food indus-
try wastewater effluent, despite being successfully applied in removing toxic dyes from
aqueous effluent, which is surprising since real food industrial effluent contains the same
substances in large amount. Particularly, methylene blue (MB) is a popular azo dye with a
cationic nature and a good candidate since it is used in textile, paper, leather, cosmetics,
plastics and rubber industries. Furthermore, it is also used in food processing equipment
preparation such as cutlery, roasters, paper plates, food packaging and food additives. MB
is a color pollutant causing 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 MB, and if consumed orally it causes high temperature, nausea, vomiting,
heavy sweating, mental confusion, and methemoglobinemia. Thus, MB-contained food
industry wastewater effluent needs purification, and it is important to be investigated
using electrospun nanofiber membranes (Table 4).

Adsorptive removal of MB through the use of electrospun nanofiber membrane has
been widely investigated in recent years. 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) [113]. 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 porosity, in this case, electrospun nanofiber membrane-based adsorbents
exhibit high efficiency of dye removal over conventional phase inversion membranes be-
cause of their high specific surface area and linked porosity. For example, Wang et al. [114]
prepared sodium alginate-based water-insoluble electrospun nanofiber membrane and
cross-linked it with trifluoroacetic acid (TFA), glutaraldehyde vapor (GA) and calcium
chloride (CaCl2) for MB removal. It was noticed that CaCl2 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. [115] developed thermal cross-linked β-cyclodextrin-based nanofibers and
obtained a maximum adsorption capacity of MB with an amount of 826.45 mg/g, which
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was higher than pure β-cyclodextrin adsorbent (105 mg/g). The existence of –COOH
groups in the membrane surface influence the adsorption performances.

The surface functionalization method has been playing a vital role in improving the
removal capacity of MB using electrospun nanofiber membranes. Incorporating functional
groups onto the nanofiber membrane surface provided a substantial amount of active
binding sites for MB adsorption. For example, the adsorption capacity of oxidized car-
bon nanofibers membrane was higher (MB, 168 mg/g) compared to the pristine carbon
nanofibers membrane (MB, 48.8 mg/g) because of the electrostatic interactions that oc-
curred between the electrospun nanofibers membranes [116]. Plasma etching has been
revealed as a green surface functionalization technology and promoted the adsorption
performance of electrospun nanofibers membranes. Bai et al. [117] 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 nanofiber membranes can now be consid-
ered as a robust tool for the development of nanofiber-based heterogeneous catalysts to-
wards MB degradation. This can be performed by following either pre- or post-modification
strategies. For example, Shalan et al. [118] 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, with the
composite doped membrane showing outstanding mechanical properties. Cheng et al. [119]
used a post-surface-modified electrospun nanofiber membrane whereby they first prepared
a cellulose acetate nanofiber membrane and deacetylated it through a NaOH solution.
Next, the deacetylated 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 electrostatic interaction forces. Overall, it implies that modulation of design
and fabrication strategy could be a powerful perspective to improve the performance of
electrospun nanofibers membranes towards wastewater treatment.

Table 4. Applications of electrospun nanofiber membranes in MB removal.

Membrane Materials Membrane Characteristics Operational Conditions Adsorption Capacity, qe,
max (mg/g) Ref.

Sodium alginate (SA), poly
(ethylene oxide) (PEO)

Fiber diameter = 150 nm,
surface area = 13.97 m2/g

Initial MB conc. = 200 to
1500 mg/L, V = 50 mL, pH = 6,

adsorbent weight = 20 mg
2230 [114]

β-cyclodextrin, poly(acrylic
acid) (PAA)

Fiber diameter = 20.56 nm,
surface area = 34.88 m2/g

Initial MB conc. = 40 mg/L,
V = 80 mL, pH = 9, adsorbent

weight = 6 mg
826.45 [115]

Plasma etched poly(l-lactic
acid) (PLLA)

Fiber diameter = N/A, surface
area = 22.84 m2/g

Initial MB conc. = 4 mg/L,
V = 3 mL, pH = N/A,

adsorbent weight = 10 mg
8.73 [117]

Poly(vinyl alcohol)
(PVA)/starch

Fiber diameter = 350–450,
surface area = 45.61 m2/g

Initial MB conc. = 250 mg/L,
V = 60 mL, pH = 8.5,

adsorbent weight = 5 mg
400 [120]

Polyacrylonitrile (PAN) Fiber diameter = 250–300,
surface area = N/A

Initial MB conc. = 25 mg/L,
V = 10 mL, pH = 10, adsorbent

weight = 7 mg
72.46 [121]

Hydroxypropyl-β-
cyclodextrin (HPβCD) and

benzoxazine monomer (BA-a)

Fiber diameter = N/A, surface
area = N/A

Initial MB conc. = 10–100 mg/L,
V = 5 mL, pH = N/A,

adsorbent weight = 5 mg
46 [122]

Sericin/-cyclodextrin/poly
(vinyl alcohol)

Fiber diameter = N/A, surface
area = N/A

Initial MB conc. = 20 mg/L,
V = 80 mL, pH = 8, adsorbent

weight = 14 mg
187 [123]

Poly-L-lactic acid (pLLA),
polyaniline (PANI)

Fiber diameter = 518 nm,
surface area = 7.0 ± 0.4

Initial MB conc. = 250 mg/L,
V = 10 mL, pH = 6, adsorbent

weight = 10 mg
239 [124]
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Table 4. Cont.

Membrane Materials Membrane Characteristics Operational Conditions Adsorption Capacity, qe,
max (mg/g) Ref.

Polyacrylonitrile (PAN),
polyaniline (PANI)

Fiber diameter = 418 nm,
surface area = 10.0 ± 0.3

Initial MB conc. = 250 mg/L,
V = 10 mL, pH = 6, adsorbent

weight = 10 mg
398 [124]

polyacrylonitrile (PAN) Fiber diameter = 225 nm,
surface area = N/A

Initial MB conc. = 400 mg/L,
V = 10 mL, pH = N/A,

adsorbent weight = 10 mg
42 [125]

ethylenediamine
(EDA)-grafted

polyacrylonitrile (PAN)

Fiber diameter = 230 nm,
surface area = N/A

Initial MB conc. = 400 mg/L,
V = 10 mL, pH = N/A,

adsorbent weight = 10 mg
94 [125]

Oxime grafted
polyacrylonitrile (OX-g-PAN)

Fiber diameter = 231 nm,
surface area = N/A

Initial MB conc. = 400 mg/L,
V = 10 mL, pH = 6, adsorbent

weight = 10 mg
102 [126]

Cellulose acetate (CA) Fiber diameter = 752 ± 311 nm,
surface area = N/A

Initial MB conc. = 30 mg/L,
V = 100 mL, pH = 8, adsorbent

weight = 80 mg
45 [127]

Cellulose acetate
(CA)/polyaniline/

β-cyclodextrin (PANI/β-CD)

Fiber diameter = 1085 ± 325 nm,
surface area = N/A

Initial MB conc. = 30 mg/L,
V = 100 mL, pH = 8, adsorbent

weight = 80 mg
49 [127]

4. Membrane Fouling

Membrane fouling is by far the most important phenomenon limiting the application
of membrane separation processing in industry. The occurrence of membrane fouling is due
to membrane pore narrowing, pore blockage, and cake layer formation on the membrane
surface due to the interaction of microbial metabolites, organic and inorganic substances,
and microorganisms [128]. Membrane fouling can be irreversible or reversible based on the
extent of 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 [129]. 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 physically cleaned by backwashing rather easily,
aeration or chemically cleaned with acid and/or base [130]. 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 var-
ious foulants have led to a complex fouling formations [131]. Membrane fouling lowers
membrane permeate flux and therefore limits the removal efficiency of pollutants during
application. Membrane fouling mainly occurs by organic compounds and macromolecules
such as pectins, starch, glucose and other substances in food industrial wastewater efflu-
ents. The literature shows that food industrial wastewater effluents are often related to
irreversible and reversible fouling phenomena, especially reversible fouling dominates in
potato processing wastewater treatment plants, as reported by Bouchareb et al. [132]. Usu-
ally, this could be managed by chemical cleaning and backwashing, and by pre-treatment.
However, generally speaking there is still a lack of understanding of the relationship be-
tween removal efficiency and fouling in food industrial wastewater effluents which needs
to be immediate addressed.

5. Challenges and Perspectives

Membranes are used as sustained solutions for treating wastewater, but several issues
still interfere with their effective processing and limit their wider application. Membrane
fouling always remains the main challenge that is strongly needed to be handled by
scientific research. Technological challenges in terms of productivity, product quality,
and socio-political issues, namely climate change, related to energy consumption and
greenhouse gas emissions, is also a matter of concern for the membrane technology [133].
In specific terms, electrospun nanofiber membranes needs improving their mechanical
properties and stability over long-term operation. New substances with tailored permeable
characteristics are required for effectively treating and recovering water effluent in the food
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industry by developing of lighter, cheaper and less power consuming materials than those
of current technologies.

6. Conclusions

The use and performance of different membrane materials and processes for the
treatment of wastewater in the food industry is critically discussed. The findings of
this paper encompass all the main concepts, performance and challenges of MBRs, MD,
pressure-driven membrane filtration, ED, FO and newly developed electrospun nanofiber
membranes. It has been found that electrospun nanofibers membranes can eliminate
organic pollutants such as methylene blue dyes from food wastewater. Mainly, the ad-
sorptive removal process using electrospun nanofiber membranes is shown as the most
prominent with a maximum capacity of 2230 mg/g. Despite all the efforts made, the most
difficult aspect of using membrane technology is controlling fouling, which needs to be
sorted out by developing novel strategies. Importantly, up-scaling of electrospun nanofiber
membrane production for the treatment of food industry wastewater effluent should be
urgently investigated because we have shown its potential benefits compared to currently
used l technologies.
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