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Adsorptive ultrafiltration mixed matrix membranes (MMMs) are a new strategy, developed in recent years, to remove
harmful cations and small-molecule organics from wastewater and drinking water, which achieve ultrafiltration and
adsorption functions in one unit and are considered to be among the promising technologies that have exhibited efficiency
and competence in water reuse.
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| 1. Introduction

Water is the source of life. Without water, there is no future 1. There are plenty of water resources on earth, however, due
to low per capita freshwater resources, unbalanced temporal and spatial distribution of water resources, and poor
utilization efficiency of water resources, human beings have a serious situation of insufficient or even a shortage of water
resources 2Bl At the same time, with the rapid development of some industries, such as the electroplating industry,
mining industry, battery industry, paper industry, and the agricultural pharmaceutical industry, more and more heavy
metals (such as zinc, copper, nickel, mercury, cadmium, lead, and chromium, etc.) are directly or indirectly discharged into
the environment. In addition, small-molecule organics (such as bisphenol A, polychlorinated biphenyls, industrial synthetic
substances, phthalate lipids, acetochlor, and other pesticide substances) are harmful chemicals that are also released into
the environment due to human production and life. These trace heavy metals and small-molecule organics cause
irreversible damage to the ecological environment and to human beings HIBIEl Water resources are necessary for human
development, especially the safety of drinking water, which is directly related to people’s life, health, and safety. Therefore,
it is very important to remove heavy metals and small-molecule organics from wastewater and drinking water.

Membrane-based water treatment processes have great potential in sustainable water purification and provide a viable
avenue for producing potable water due to their high flux, good performance, and low negative effects. In the field of water
treatment, although reverse osmosis and nanofiltration can remove small-molecular organics and heavy metal ions, it is
difficult to apply them to urban water supply treatment on a large scale because of the high operating pressure and high
energy consumption . Ultrafiltration has the characteristics of good treatment effect, low energy consumption, high
reliability, and stable operation. It can almost completely remove protozoa, bacteria, and some viruses from water. The
commonly used ultrafiltration membrane manufacturing materials in the market are polysulfone (PSF), polyacrylonitrile
(Pan), polyvinylidene fluoride (PVDF), and polyethersulfone (PES). In addition, there are polytetrafluoroethylene (PTFE),
polyvinyl chloride (PVC), polypropylene (PP), polyethylene (PE), etc., but these membranes have poor pollution
resistance and cannot intercept some small-molecular organics and heavy metal ions.

Adsorbents are promising materials for capturing pollutants, such as low-molecular organics and heavy metal ions,
because of their abundant sorption sites, large surface area, and fast adsorption kinetics EIRIZQILLI2AML314] - However,
adsorbents are usually synthesized in the form of powders, which give rise to some problems in the separation and
regeneration processes 1518 and potential safety issues may occur due to leaching into water bodies 718119
Furthermore, it is difficult to use particles directly to retain macro-molecules and particulates. Therefore, there is an urgent
need to develop the next generation ultrafiltration membrane technology with both interception and adsorption
performance in order to achieve economic and efficient water treatment.

Adsorptive ultrafiltration MMMs appear when polymers and adsorbents with adsorption capacity are fixed in the
membrane instead of being added into the wastewater. It is still a challenge to combine the advantages of adsorbent and
ultrafiltration membranes successfully and to overcome their respective shortcomings in water treatment.



| 2. Classifications of Adsorptive Ultrafiltration Membrane

Ultrafiltration membranes with adsorption function have been reported in literature. Based on the type of adsorbent added
to the membrane, adsorption ultrafiltration MMMs can be divided into the following four categories: inorganic filler, organic
filler, biomaterial, and mixed filler membrane. Table 1 lists the removal results of these four adsorptive ultrafiltration
MMMs.

2.1. Inorganic Filler-Based MMMs

These advanced adsorptive ultrafiltration membranes contain inorganic fillers, such as Al,O5 29, znO 21 MWCNT [22,
carbon nanotubes [23], graphene oxide 24, zeolite 23], and activated carbon 8. These inorganic fillers significantly
improve the adsorption performance of the membrane. For example, copper ion removal efficiency improved from 25% to
60% just by adding small amounts of Al,O3 nanoparticles (<1.0 wt.%) into polyethersulfone (PES) membranes 29, Shah
and Murthy (221 added functionalized multi-walled carbon nanotubes (MWCNT) into polysulfone (PSF) membranes through
the phase inversion method, using DMF as a solvent and water with isopropanol as a coagulant. The functionalized
MWCNT/PSF composite membranes displayed 94.2% removal for Cr(VI) and 78.2% removal for Cd(ll), however, the
unblended plain polysulfone membranes only displayed 10.2% removal for Cr(Vl) and 9.9% removal for Cd(ll),
respectively. In addition, using zeolite nanoparticles impregnated polysulfone membranes for the removal of heavy metals
in wastewater 251, After 60 min of filtration at a transmembrane pressure of one bar, the maximum adsorption capacities of
the mixed membrane for lead and nickel ions were 682 and 122 mg/g, respectively. The addition of hydrophilic inorganic
fillers into the polymeric membranes mainly resulted in a significant improvement of water flux, which was attributed to an
increase in hydrophilic properties that decreased the contact angle, coupled with greater surface roughness and overall
porosity [2728129]  ysing this type of adsorptive ultrafiltration MMM not only improves the flux and rejection, but also
prevents membrane fouling due to the increased hydrophilicity 9.

2.2. Organic Filler-Based MMMs

In this case, organic fillers, such as polyvinyl tetrazole (PVT) (31], polyaniline (PANI) (32, hyperbranched polyester B3] and
2-aminobenzothiazole 24, are added by the methods of blending and phase inversion. Kumar et al. BY manufactured
polyvinyl tetrazole—co—polyacrylonitrile (PVT-co—PAN) membranes by nonsolvent induced phase separation (NIPS). After
adding the PVT segment, the prepared adsorption ultrafiltration MMMs became more negatively charged and hydrophilic
due to the existence of -NH- functional groups. The PVT segment in the membrane is the main binding site for adsorbing
Cu (Il) ions in aqueous solution, and the adsorption capacity can reach 44.3 mg g%, which is higher than the other
membranes reported in the literature. In addition, Ding et al. B2 prepared a charged UF membrane composite
(PANI/PVDF) that was regulated via an electrochemically reversible control in portions of amine (-N*=:)/imine (-NH-)
functional groups of PANI. The permeability of treated water and rejection ratios of Congo red anion on charged
PANI/PVDF, compared with pristine a PVDF membrane, increased from 19.6 to a maximum of 183.3 Lm=2 h™® bar?! and
from 3.4% to 74%, respectively. Moreover, through electrochemical regulation, the rejection ratio of Congo red on
PANI/PVDF reached up to 93%. In addition, hyperbranched polyester that was cross-linked with PVC was used to form a
PVC-UF composite membrane, which has a high permeate flux of 237.6 L m™2 h™! and a good sunset yellow anion
rejection rate of 96.4% at 0.4 Mpa 23l This type of membrane is preferred over the inorganics as they have more
functional groups, which makes them more adaptable and capable to attach cations and small-molecule organics to the
substrate through molecular interactions.

2.3. Biomaterial-Based MMMs

Recently, because biomaterial-based adsorbents have the advantages of eco-friendliness, accessibility, and low cost (or
even free of expense), research studies have particularly focused on the biomaterial-based adsorbents that stem from
plant wastes, such as hulls, tea leaves, fruit peels, plant seeds, and so on. B2l Usually, plant wastes, including some
groups of COOH, OH, or phenolics, can provide charge interaction and hydrogen-bonding interaction with cations and
small-molecule organics B3I28], For instance, Aquaporin Z was incorporated into a triblock copolymer with symmetric poly-
(2-methyloxazoline)-poly-(dimethylsiloxane)-poly-(2-methyloxazoline) (PMOXA15-PDMS110-PMOXAL5) vesicles and the
performance of the adsorptive ultrafiltration MMMs were investigated for the removal of urea, glucose, glycerol, and salt
from water. The results showed that these solutes were completely rejected 4. Lin et al. 38 reported an adsorptive
ultrafiltration MMM using plant waste (including banana peel, tea waste, and shaddock peel) as biofiller in
polyethersulfone and evaluated the removal performance of cationic dyes from water. The rejection of dye molecules
reached up to 95%.



2.4. Hybrid Filler-Based MMMs

Hybrid filler-based MMMs contain two organic—inorganic adsorbents (independently or in composite) and metal-organic
framework (MOF) materials are added to the polymer solutions, which represent the latest adsorptive ultrafiltration MMMs
technology [B2401[41142] For example, Daraei et al. B2 added iron (Il, Il) oxide and polyaniline into a PSF matrix, with
which the removal of Cu (II) can be 85% from water, and this membrane can be reused after four cycles with only about
3% decrease in the rejection capability. In the study of Parsamanesh et al. ¥% polyethersulfone-based MMMs
incorporated with citric acid—amylose-decorated multiwall carbon nanotubes (Am—-MWCNTs-CA) were fabricated. The
humic acid removal capability of the prepared membranes was also calculated to be as high as 97.4% for the membrane
that was embedded with 0.5 w/v% Am-MWCNTs—CA. Furthermore, Zhang et al. 2l presented the MIL-PVDF
multifunctional ultrafiltration membrane with ultra-high MIL loading through a new method of predispersion and thermally
induced phase separation in acetone. Compared with the traditional mixed ultrafiltration membrane, the effective
treatment volume of 67-MIL-PVDF membrane increased by nine times, and the MB removal rate was more than 75%. In
addition, Zhang et al. #2 prepared a new MOF-based hybrid ultrafiltration MMM (PAA/ZIF-8/PVDF membrane), which is
superior to other adsorption materials and has the first and highest nickel ion (Ni (I1)) adsorption capacity of 219.09 mg/g
in high salinity wastewater.

Table 1. Summary for fabrication techniques.

Type of MMMs Membrane Adsorbent Pollutants Rejection  Ref.
PES Al,03 cu?* 60.0% 20
PVDF Zno cu?* 83.3% 21
Psf MWNTs Crs+ 94.2% 22
Inorganic filler-based pVC CNT Fe2* 95.1% [23]
MMMs
PES GO Pb2* 98.0% 241
PSF NaX Pb2* 91.0% [25]
PES Carbonaceous materials Cu?* 79.1% (261
Cu?* 98.5%
[31]
PAN PVT Pb2* 51.0%
[32]
Organic filler-based PVDF PANI Congo red 74.0%
MMMs
pVC Hyperbranched Sunset 96.4% [33]
polyester yellow
PVDF 2-aminobenzothiazole Crs* 82.1% (24
PMOXA15- Urea,
PDMS110- Aquaporin Z glucose, 100% E7]
PMOXA15 glycerol
Biomaterial-based
MMMs Methylene
blue 95.0%
[38]
PES Banana peel, tea waste, and shaddock peel Methyl violet 96.0%
2B
PES Iron (Il, 1ll) oxide and polyaniline Cu?* 85.0% (29
Citric acid-amylose-decorated multiwall . . o [40]
Hybrid filler-based PES carbon nanotubes Humic acid 97.4%
MMMs
PVDF MIL MB 75.0% [41]
PVDF PAAIZIF-8 Ni2* 99.0% [42]
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