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Abstract
Clean water shortage is a major global problem due to escalating demand resulting from increasing human population growth 
and industrial activities, decreasing freshwater resources and persistent droughts. Recycling and reuse of wastewater by adopting 
efficient reclamation techniques can help solve this problem. However, wastewater contains a wide range of pollutants, which 
require removal before it may be reused. Adsorption and membrane processes are two successful treatments used to remove 
most of these pollutants. Their efficiency increases when these processes are integrated as observed, for example in a submerged 
membrane adsorption hybrid system (SMAHS). It uses coarse air bubbling/sparging to produce local shear which minimises 
reversible membrane fouling, improves performance and extends the life of the membrane. Additionally, the adsorbent acts as 
a buoyant media that produces an extra shearing effect on the membrane surface, reduces membrane resistance and increases 
flux. In addition, it adsorbs the organics that would otherwise deposit on and cause fouling of the membrane. The use of acti-
vated carbon (AC) adsorbent in SMAHS is very effective in removing most pollutants including natural organic matter (NOM) 
and organic micropollutants (OMPs) from wastewaters and membrane concentrate wastes, the latter being a serious problem 
in practical applications of the reverse osmosis process. However, certain NOM fractions and OMPs (i.e. hydrophilic and 
negatively charged ones) are not efficiently removed by AC. Other adsorbents need to be explored for their effective removal.

Keywords Submerged membrane adsorption hybrid system · Adsorption · Water pollutants · Organic micropollutants · 
Membrane · Water treatment · Activated carbon

Introduction

Clean water shortage is a major global problem due to esca-
lating demand resulting from increasing human popula-
tion growth and industrial activities, decreasing freshwater 

resources and persistent droughts. Two-thirds of the world’s 
population is projected to be threatened by a shortage of 
freshwater by 2025, and climate change is expected to exac-
erbate this (Zhang and Liu 2021). Yet, enormous quantities 
of municipal wastewater, industrial water, and stormwater 
are continuously disposed, at times indiscriminately to the 
environment. Recycling and reuse of these waters using effi-
cient reclamation techniques can be an effective solution for 
alleviating the looming water shortage problem. Wastewa-
ter generally contains many pollutants such as pathogenic 
microorganisms, heavy metals, inorganic salts, NOM and 
OMP (including pharmaceutical and personal care products 
(PPCPs), endocrine disruptors, pesticides and industrial by-
products). If the concentrations of these pollutants are reduced 
to acceptable levels, the treated water can be beneficially used 
as non-potable recycled water for irrigating crops, toilet flush-
ing, clothe washing and some industrial activities.

There are several methods of treating wastewater includ-
ing coagulation/flocculation, activated carbon (AC) adsorp-
tion, oxidative and biological processes, membrane-based 
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technologies, electro-dialysis and capacitive deionisation, 
either alone or in combination (Umar et al. 2015; Arola et al. 
2019; Xiang et al. 2019; Valdés et al. 2021; Zhang and Liu 
2021). Of these, a combination of methods has generally 
been found to be more efficient (Xiang et al. 2019; Dewi 
et al. 2021). This is because the mechanism of removal by 
each process is different and unique, more suited for removal 
of a type of pollutant. Therefore, when processes are com-
bined, more diverse mechanisms operate together to enhance 
the removal of a wider range of pollutants. Pollutants not 
effectively removed by one process is efficiently removed by 
the other process. Ejraei et al. (2019) compared several sin-
gle treatment processes and a combination of them in series 
for the treatment of pollutants in wastewater. The combined 
processes were found to perform best, and this was ascribed 
to the synergetic effects of processes in the hybrid system.

Membrane separation technologies, especially reverse 
osmosis (RO), is one of the most widely used technology in 
the world to produce clean water (Joo and Tansel 2015; Yang 
et al. 2019; Algieri et al. 2021; Valdés et al. 2021; Wu et al. 
2021). However, RO generates a waste stream known as RO 
concentrate (ROC) that generally contains 20–30% of the feed 
stream (Umar et al. 2015; Yang et al. 2019). ROC contains 
almost all the pollutants at elevated levels in the feed stream 
(commonly 2–4 times higher concentration), which may be 
toxic and/or bio-accumulative (Zhang et al. 2019). Joo and 
Tansel (2015) reviewed several hybrid systems including 
membrane processes for the removal of pollutants such as 
NOM, OMPs, disinfectant by-products and inorganics.

In addition to RO, other membrane processes namely 
nanofiltration (NF), ultrafiltration (UF) and microfiltration 
(MF) are now widely used as the principal treatment or as 
pre-treatment to RO in water treatment plants to remove pol-
lutants. The magnitude of the pore sizes of the membranes 
used in UF, MF and NF are in the region of 0.1 µm, 0.01 µm 
and 0.001 µm, respectively (Crittenden et al. 2012). The RO 
membrane is almost nonporous. A term called molecular 
weight cutoff (MWCO) is used to designate the smallest 
molecular weight of a substance that is separated by the 
membrane with 90% efficiency. The larger the pore size of a 
membrane the higher the MWCO value. In membrane filtra-
tion, the main driving force of water flow through the mem-
brane is the pressure difference over the membrane, com-
monly referred to as trans-membrane pressure (TMP). TMP 
is higher for membranes with low MWCO. The removal of 
pollutants by membranes not only depends on MWCO but 
also at times on the hydrophobicity/hydrophilicity and elec-
trical charge of the membranes (Jamil et al. 2021a).

MF and UF use membranes of larger pore size and run 
at lower TMP, require less energy and have lower operat-
ing costs. These membranes are referred to as low pressure 
membranes (LPM) (Stoquart et al. 2012). They effectively 
remove micro-organisms including pathogens, suspended 

particle’s turbidity. They are less effective in removing pol-
lutants smaller than the pore size of the membranes such as 
NOM, OMPs and colour (Lebeau et al. 1998; Matsui et al. 
2001). NOM that is not removed causes membrane fouling, 
which reduces membrane performance and produces irrevers-
ible loss in permeate flux, thereby requiring more frequent 
membrane cleaning and ultimately membrane replacement 
(Thiruvenkatachari et al. 2004). For these reasons, MF and 
UF are combined with other processes such as adsorption for 
more effective application in wastewater treatment plants.

Adsorption is another effective process used in wastewater 
treatment. This process is cost-effective, simple, eco-friendly, 
chemical-free, and efficient in removing various inorganic and 
organic pollutants from a variety of waters and widely used 
for these reasons. Moreover, it produces minimal amounts of 
sludge, no undesirable by-products and the adsorbent can be 
reused. This reduces operation costs. The adsorption process 
is not only used by itself as a single treatment process, but 
often employed as post-treatment to enhance the removal of 
pollutants from wastewater that had escaped removal by oxi-
dation (Margot et al. 2013; Guillossou et al. 2020; Ullberg 
et al. 2021; Sauter et al. 2021; Loganathan et al. 2022) or 
coagulation (Choi et al. 2008; Zhang et al. 2019). It is often 
applied as a polishing step in the production of drinking water 
(Piai et al. 2020; García et al. 2021).

Recently, there have been increasing applications of the 
hybrid membrane/adsorption process. Despite this, there 
have been no systematic reviews of these studies unlike other 
hybrid treatment systems such as ozonation/adsorption pro-
cess (Loganathan et al. 2022), ozonation/membrane process 
(Van Geluwe et al. 2011), biological/electrocoagulation pro-
cess (Al-Qodah et al. 2020) and coagulation/membrane pro-
cess (Jiang 2015). This paper reviews the research on using 
hybrid membrane/adsorption process for removal of various 
pollutants focusing on NOM and OMPs from different types 
of wastewaters including ROC. It highlights the advantages of 
integrating membrane treatment with the adsorption process 
and the modifications that were made from time to time to 
improve the design and efficiency of this hybrid process. In 
recent years, the latest of these designs, SMAHS, is becoming 
increasingly popular. This process is critically reviewed in the 
latter part of this paper giving examples of its application to 
remove different types of pollutants, especially the emerging 
pollutants such as OMPs and various constituents of NOM.

Activated carbon (AC) and ion exchange 
resin adsorbents

Of the various adsorbents, AC is most widely used for 
removing pollutants having a wide array of adsorption 
mechanisms that target different pollutants (Löwenberg and 
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Wintgens 2017; Loganathan et al. 2022; Zhang et al. 2022). 
AC can be produced from any material which has high 
carbon content, including cheap and abundantly available 
agricultural wastes (Renu and Singh 2017). AC’s attractive-
ness is its pollutant removal efficiency stemming from its 
large surface area (500–1500  m2/g), internal porosity, the 
presence of different types of functional groups, low cost 
and ready availability (Cougnaud et al. 2005; Pawluk and 
Fronczyk 2015). Furthermore, the hydrophobic character-
istic of the AC enhances the adsorption of many OMPs 
(Westerhoff et al. 2005; Snyder et al. 2007; Valderrama et al. 
2008; Jamil et al. 2019a; Wang et al. 2020) including poly-
cyclic aromatic hydrocarbons (PAHs) (Eeshwarasinghe et al. 
2018), colour (Sketchell et al. 1999) and NOM (Velten et al. 
2011; Jamil et al. 2021b). The large surface area and pres-
ence of pores and channels further enhance AC’s adsorption 
capacity because pollutants can diffuse into the pores and 
become adsorbed to its internal surfaces (Eeshwarasinghe 
et al. 2018). AC, as an adsorbent, has been investigated in 
numerous studies, either in the form of granulated activated 
carbon (GAC) or powdered activated carbon (PAC).

AC can also act as a carrier material for biofilm developed 
from wastewaters, which can biodegrade OMPs and NOM 
(Seo et al. 1997; Sbardella et al. 2018; Baresel et al. 2019; 
Piai et al. 2020; Alonso et al. 2021) and provide an additional 
mechanism for their removal. Piai et al. (2020) demonstrated 
that used GAC where biofilm had formed generally removed 
more OMPs. Biologically active GAC removed more OMPs 
than autoclaved GAC (i.e. without biofilm), because of the 
microbial degradation of OMPs that occurred in addition to 
adsorption. Sketchell et al. (1999) developed a biological AC 
by continuously pumping water through a GAC bed for long 
periods for a microbial biofilm to develop and then used it in 
filtration experiments. The high NOM removal observed in 
the experiments was attributed to the decomposition of the 
biodegradable NOM by the biofilm that formed on GAC. 
Sbardella et al. (2018) compared the removal of several 
OMPs from a wastewater by biologically active AC that had 
biofilm coatings to biologically inactivated AC in column 
experiments. Biologically active AC removed 22–35% more 
OMPs than the inactivated ones.

Ion exchange resins are another type of adsorbents used to 
remove pollutants, including NOM and OMPs from wastewa-
ter. As AC is negatively charged at the pH of natural waters 
(approximately pH 7), it cannot efficiently adsorb negatively 
charged pollutants such as humics and some OMPs by elec-
trostatic forces, though other mechanisms such as hydrogen 
bonding can help its adsorption. The use of positively charged 
adsorbents helps removal of such negatively charged pollutants.

Khirani et al. (2006) investigated the adsorption of total 
organic carbon (TOC) from a synthetic wastewater effluent 
by two PACs and three positively charged anion exchange 
resins containing quaternary ammonium functional group 

(Lewatit VP OC1071, Lewatit MP 500 and Purolite A500P). 
Purolite, when ground to smaller particle size, was found to 
have approximately the same adsorption capacity as PACs. 
The effect of grinding was to increase adsorption by creat-
ing more charged sites accessible to adsorption. Purolite has a 
mesoporous structure with more internal adsorption sites avail-
able to produce a higher adsorption capacity than the other 
two resins of microporous gel type. The study found Purolite 
resin to be a suitable alternative to PAC for removal of NOM 
present in wastewater.

Shanmuganathan et al. (2014a) compared the removal of 
various NOM fractions present in biologically treated sewage 
effluent (BSTE) by an anion exchange resin (Purolite A502PS) 
and by GAC in fluidized adsorption beds. GAC removed 44% 
of hydrophobic and 36% of hydrophilic fractions. In addition, 
41% of humic hydrophilic fractions were removed. On the 
other hand, Purolite removed 60% of hydrophobic, 62% of 
hydrophilic fractions and 67% of the humic hydrophilic frac-
tion. Higher percentage removal of humics by Purolite was due 
to electrostatic adsorption of the negatively charged humics by 
the positively charged resin.

Removal by GAC occurs because of hydrogen bond-
ing between humics and surface functional groups in GAC, 
which also operates in Purolite. Jamil et al. (2019b) studied 
the removal of NOM constituents present in ROC with batch 
and column experiments using GAC and the same Purolite 
(Purolite A502PS) adsorbent media. In both experiments, 
Purolite completely removed the humics present in the hydro-
philic fraction of NOM. GAC only achieved partial removal. 
A larger NOM removal resulted by combining the two adsor-
bents sequentially (GAC followed by Purolite) to take advan-
tage of their different adsorbent affinities towards the range of 
NOM fractions present (Jamil et al. 2020).

Hybrid membrane/adsorption process 
for wastewater treatment

The combination of AC adsorption process with MF or 
UF process is a simple and cost-effective way of remov-
ing pollutants. It combines the advantage of the adsorp-
tion and biodegradation capability of AC and the effective 
particle removal ability of membrane filtration. The com-
bined treatment process promises a superior water quality 
product and improved process stability (Löwenberg and 
Wintgens 2017).

There can be three types of AC/membrane hybrid system 
design: membrane filtration followed by AC adsorption, AC 
adsorption followed by membrane filtration and the two pro-
cesses operating together in a single reaction tank. These 
configurations are illustrated in Figs. 1, 2 and 3, respectively. 
When membrane filtration is used first before AC adsorption, 
particles larger than the membrane pore size are effectively 
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removed from the wastewater, including micro-plastics, bac-
teria and pathogens. This resulted in a significant reduction 
of clogging and backwash frequency of the subsequent AC 
fixed-bed filter, improving the operating conditions of AC. 
The result for this type of system was reported in a long-term 
pilot-plant study using wastewater sourced from a treatment 
plant using UF and GAC biofilter. OMPs, micro-plastics and 
bacteria present in the water were removed by the hybrid 
system to below detection limits or to very low concentra-
tions (> 90–98% removal) (Baresel et al. 2019). A problem 
with using AC after membrane filtration is that some of the 
AC fines could become exported along with the treated water 
requiring a subsequent physical separation post-treatment 
process (Stoquart et al. 2012).

Compared to using membrane filtration followed by AC 
adsorption, there are more studies reporting AC adsorp-
tion followed by membrane filtration. The latter system 
has long been in operation in many treatment plants. The 
main reason for having adsorption pretreatment preceding 
the membrane process is to adsorb the NOM that would 
otherwise pass through the large pores of the membrane to 
the treated water (Snoeyink et al. 2000; Thiruvenkatachari 
et al. 2004; Vigneswaran et al. 2007). The membrane then 
separates out the organics laden PAC (Vigneswaran et al. 
2007). By adsorbing NOM, PAC reduces membrane foul-
ing by removing a major fouling agent thereby prolonging 
the membrane lifetime (Lin et al. 1999; Shanmuganathan 
et al. 2017; Lou et al. 2020) and increasing the permeate 
flux (Vigneswaran et al. 2003). Reducing membrane foul-
ing helps mitigate the rise in TMP and so decreases the 
operational energy required for filtration (Pan et al. 2022).

There are basically two methods to employ AC as pretreat-
ment to the membrane process. They are: (1). Continuously 
passing feed water through a GAC column and its effluent 
fed to membrane system (Zhang et al. 2015; Sbardella et al. 

2018; Jamil et al. 2021b) (Fig. 2a); (2). Continuously dosing 
PAC into the influent feed water, backwashing the used PAC 
waste that accumulates on the membrane surface, and return-
ing the backwash to the MF/UF module (UF loop in Fig. 2b) 
(Snoeyink et al. 2000; Matsui et al. 2001)).

Both Fig. 2a and b show the pretreatment option where 
the wastewater firstly passes through the GAC filter and 
PAC contactor, respectively. The removal of contaminants 
takes place prior to membrane filtration. Removing major 
fouling agents, especially organics prolongs the membrane 
life and increases the permeate flux. The effluent after the 
GAC filter or carbon contactor is passed through the mem-
brane. The first configuration is easy to operate and is used 
in practice. The GAC filter requires periodic backwash to 
avoid becoming blocked by suspended solids present in the 
wastewater. The GAC needs to be replaced/regenerated once 
its adsorptive capacity is exhausted, although this operation 
is performed after for a long period of time (once a year, 
for example). Continuous use of GAC can lead to microbial 
growth on the GAC surface which can degrade the adsorbed 
organics prolonging its effectiveness in contaminant removal 
(Alonso et al. 2021). The second configuration (Fig. 2b) uses 
PAC. The adsorptive capacity and adsorption kinetic of PAC 
are higher due to its large surface area/specific surface. In 
this system, optimisation of removal efficiency is possible 
by varying the dose of PAC and contact time. However, the 
membrane surface can become damaged due to abrasion 
as PAC brushes past its surface potentially leading to more 
frequent membrane replacement. Regeneration of PAC is 
not economically viable and so the PAC slurry after few 
passes over the membranes (or after its adsorptive capac-
ity becomes exhausted) needs to be disposed. Although the 
viability of the second configuration is scientifically proven 
through extensive research and pilot studies, it is yet to be 
used in practice.

Fig. 1  Membrane/adsorption 
hybrid treatment process with 
membrane treatment followed 
by AC adsorption process used 
to remove wastewater pollutants 
(modified from Stoquart et al. 
(2012))
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Fig. 2  Membrane/adsorption 
hybrid treatment processes 
with AC adsorption followed 
by membrane treatment used to 
remove wastewater pollutants. 
(a) Feed water passed through 
GAC column followed by UF 
(modified from Sbardella et al. 
(2018)). (b) Continuously 
dosing PAC to the influent feed 
water followed by UF (modified 
from Matsui et al. (2001))

Fig. 3  Schematic representa-
tion of submerged membrane 
filtration/AC adsorption hybrid 
system (modified from Shanmu-
ganathan et al. (2017))
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Submerged membrane adsorption hybrid 
system

Compared to having AC adsorption and membrane filtra-
tion as separate treatment systems, combining the two treat-
ments in a single tank has many advantages (Vigneswaran 
et al. 2007; Shanmuganathan et al. 2015a, b, 2017; Pan et al. 
2022) (Fig. 3). In the SMAHS hybrid system, the AC or ion 
exchanger such as Purolite is directly added into the mem-
brane reactor tank where the membrane is submerged in the 
influent. Adsorption and membrane separation take place 
simultaneously in a single influent tank. An air diffuser pro-
vides a constant airflow into the AC suspension, and the air 
bubbles induce shear stress and favourable hydraulic distri-
bution over the entire surface of the membrane. In addition, 
the air flow suspends the AC particles in the reactor tank.

Clogging and channeling problems frequently observed 
in AC column adsorption (Fig. 2a) do not occur when AC 
particles are held in suspension (Fig. 2b). The adsorbents 
in the suspension reduce membrane fouling by adsorbing 
potential organic foulants before they reach the membrane 
surface and by mechanically scouring the membrane sur-
face preventing a build-up of TMP. These effects minimise 
the frequency of membrane cleaning and extend its opera-
tional life. These advantages have increased the popularity 
in recent times of the combined hybrid treatment system 
for the removal of NOM, OMPs and inorganic pollutants 
from wastewater. In the SMAHS, a large amount of AC 
is added only at the commencement of the treatment pro-
cess (e.g. 5–10 g/L of AC) followed by a daily periodic 
substitution of only 2–5% of AC which corresponds to an 
average AC residence time of 20–50 days in the tank. This 
helps to economise the use of AC without exhausting it.

Management of membranes fouling and controlling it 
while operating is a major challenge to the widespread appli-
cation of SMAHS in water reclamation. Membrane scouring 
with coarse air bubbles (air bubbling/sparging) is one of the 
most efficient means of minimising reversible fouling and 
sustainable operation (Pradhan et al. 2012). Coarse air bub-
bles traversing across the surface of the membrane creates 
local shear stresses, which minimises membrane fouling and 
maintains good hydraulic distribution in the membrane sys-
tem. Bacteria, soluble compounds and membrane material 
can still interact and prevent control of membrane fouling by 
aeration alone (Johir et al. 2011). Incorporating supporting 
media/adsorbents in the membrane tank is a useful method 
to scrub out many of the foulants that deposit on the surface 
of the membrane and remove some of the substances that 
cause fouling before they firmly attach onto the membrane 
surface (Aryal et al. 2010; Johir et al. 2011; Pradhan et al. 
2012). A submerged MF process used to treat a kaolin clay 
suspension demonstrated how the flux declined with time 
and attenuation rate increased at higher permeate flux (Aryal 

et al. 2010). TMP development was higher at higher flux. 
The introduction of anthracite (640–2000 µm) functioning 
as a buoyant/supporting medium into the suspension in the 
membrane tank reduced the flux decline and the rise of TMP 
by two- to threefold.

Johir et al. (2011) conducted a detailed SMAHS study 
with biologically treated wastewater effluent on how 
suspended support media reduced fouling of the mem-
brane. They compared fouling produced in the membrane 
(0.14 µm) of the SMAHS with and without the addition of 
GAC (300–600 µm) as a suspended medium (0.5–2 g/L of 
volume of reactor) at different filtration flux (5–30 L/m2 h) 
and aeration rate (0.5–1.5  m3/m2 membrane area/h). TMP 
rose suddenly when the aeration rate reduced from 1.5 to 1.0 
 m3/m2 membrane area/h. An addition of GAC prevented this 
sudden rise of TMP (i.e. reduced membrane resistance) by 
scouring of the membrane surface which reduced particle 
deposition on it, and by the additional shearing effect on to 
membrane surface. Membrane fouling had also reduced. The 
authors concluded that suspended media, in amounts that 
depended on the flux and aeration rate used, could effectively 
reduce membrane fouling. A molecular weight distribution 
(MWD) and excitation emission matrix (EEM) analysis of 
the effluent of the bioreactor showed that GAC removed a 
range of organics (amino acids, biopolymers, humics and 
fulvic acids type substances) by adsorption mechanisms in 
addition to the scouring effect that reduces the deposition of 
particles on to membrane surface.

The above-mentioned study was extended to investigate 
the effect on membrane fouling by a combination of air 
flow (sparging/air scouring) together with the use a support 
medium (GAC, 300–600-µm diameter, dose 1 g/L) with a 
kaolinite suspension (Pradhan et al. 2012). Membrane foul-
ing was low for high air scouring rates. The presence of 
support medium further reduced particle deposition on the 
membrane surface. A doubling of the air flow rate (from 
600 to 1200 L/h/m2), without granular medium, reduced 
TMP development by 32% at 10 L/h/m2. A similar result 
(31% reduction) was obtained at the lower air flow rate of 
600 L/h/m2 with the addition of the granular medium. The 
study concluded that an addition of support medium together 
with air flow is a good alternative to a very high air flow in 
submerged membrane microfiltration systems. Less energy 
intensive operations can be designed by optimising for both 
the effects of support medium and air flow. The addition of 
support medium that are also adsorbents (e.g. GAC) pro-
vides additional benefits of removing organics and OMPs 
as well as adsorbing foulants. These aspects are discussed 
in detail in the next section.

A detailed hydrodynamic study on submerged flat sheet 
microfilter system was conducted to determine the effect of 
air flow rate on deposition on membranes (Pradhan et al. 
2014). A concentrated suspension of kaolin clay (10 g/L) 
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was used in an aerated tank containing submerged mem-
branes. This concentration was in a range similar to biomass 
concentration in SMBR systems. The effect of operating 
conditions, such as filtration flux, air flow rate, volume of 
filtered water per unit of membrane area, membrane resist-
ance and particle deposition, was studied. Cake resistance 
was the major resistance contributing to total membrane 
resistance. At a flux rate of 15 L/m2/h, particle deposition 
reduced by almost 60% when the air flow rate was tripled 
from 600 to 1800 L/m2/h of membrane area. Particle depo-
sition and TMP rose with higher permeate flux. However, 
both were reduced by increased air flow rates. It was found 
that the cake resistance is proportional to the multiplication 
of flux and cake deposition. The effect of air flow on cake 
porosity was observed to be more significant at low perme-
ate flux rate.

Although organic fouling on the membrane can be mini-
mised by addition of support medium and air flow, it cannot 
be totally mitigated. A periodic back flush during the mem-
brane filtration process is required to satisfactorily remove 
most of the reversible fouling that results in reduced pressure 
drop and permeate flux decline, ensuing for a longer opera-
tion period before it is terminated for physical and/or chemi-
cal cleaning of the membrane (Smith et al. 2005, 2006). For 
successful long-term operation of the membrane process, 
the optimum frequency and duration of the backwash are 
necessary. Too short a backwash duration does not com-
pletely remove the reversible component of the foulant layer, 
while too long a duration, though completely removing all 
the reversible component of the foulant layer, consumes too 
large a volume of permeate for backwash, reducing the pro-
ductivity of the system and raising the energy requirement 
(Smith and Vigneswaran 2009).

Automated system and a supervisory control and data 
acquisition (SCADA) system together with adaptive backwash 
initiation and duration schemes were used in a pilot study 
conducted in a sewage treatment plant in Sydney, Australia. 
It was found to be very useful and cost effective in the optimal 
operation of a membrane adsorption hybrid system (Smith 
and Vigneswaran 2009). Such an approach was used in the 
development of the automation and SCADA systems, leading 
to the development of two new control systems for back wash.

The first system involved a closed loop control of the ini-
tiation of backwash, based on the gradient of TMP increase. 
This led to productivity improvements as the backwash is 
only activated when required, not at a periodic time interval 
(Smith et al. 2005). This system resulted in a 40% reduction 
in the water required for backwash and, also, enabled opti-
mised operations under unsteady concentrations of influent 
wastewater (Smith et al. 2006). In sewage treatment plants, 
water quality is not static and changes with time. The sec-
ond system involved an automatic control of the backwash 
duration, whereby the backwash was terminated when the 

increase in pressure reached a steady state (or plateau) 
(Smith et al. 2006). It resulted in a further reduction of water 
used for backwash of up to 25%.

Periodic replacement of 1.5% of the PAC slurry mix-
ture (i.e. 15 g of PAC replacement/d) was found to have a 
positive impact on the reduction of membrane fouling. The 
amount of initial addition of PAC was 1 kg/m3 water in the 
reactor. The membrane fibres were cleaner and freer of slime 
and solids that form on it when small amounts of PAC are 
replaced periodically from the membrane reactor (Smith and 
Vigneswaran 2009). In this study on the treatment of second-
ary treated sewage effluent, the optimal occurred where in 
each cycle backwashing was triggered when TMP reached 
3 kPa. Frequent backwashing such as this prevented foul-
ing from becoming significant and prevented formation of 
irreversible cake layers. This allowed the backwashing to 
occur as often as required yet avoiding too frequent back-
washing. The latter results in a decline in the productivity 
of the system.

SMAHS in water and wastewater treatment

Intensive studies on the application of SMAHS in water 
and wastewater treatment commenced in the late 1990s to 
2000s, and useful information was obtained on improving 
the operation conditions of SMAH for achieving successful 
removal of water contaminants (Vigneswaran et al. 2003; 
Guo et al. 2005; Kim et al. 2005; Ji and Zhou 2006; Saravia 
et al. 2006). Table 1 presents the major findings achieved 
from selected important studies.

Lebeau et al. (1998) successfully used SMAHS to treat 
river water. Here, MF membrane and PAC were directly 
immersed in a tank receiving raw river water. The SMAHS 
system was tested for removal of NOM, atrazine, micro-
organisms and turbidity in bench and pilot scale (running 
for 1 year) experiments. The authors observed that all these 
pollutants were effectively removed unlike earlier studies 
where these could not be removed when only the membrane 
process was used. Aeration was provided to the SMAHS to 
create turbulence in the vicinity of membrane and to avoid 
PAC sedimentation within the reactive tank. However, TMP 
increased slightly during the experiments showing progres-
sive fouling of membrane.

During this period, the emphasis was on removing organ-
ics from water not only because they cause problems such 
as colour, taste and odour and act as substrate for bacterial 
growth and formation of disinfectant by-products, but also 
because they cause membrane fouling/clogging and decrease 
in permeate flux. In all those studies, PAC was used as the 
adsorbent, and MF membrane was the most commonly used 
membrane. In SMAHS, PAC adsorbed the organics, and 
eventually the membrane separates out the organic-laden 
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Table 1  Major research findings on SMAHS applications to wastewater treatment (research findings on SMAHS applications in reverse osmosis 
concentrate treatment are presented in “SMAHS for removing pollutants from reverse osmosis concentrate” section of the paper)

Water Adsorbent Membrane Research findings Reference

Synthetic wastewater PAC MF With no PAC pre-adsorption, TOC 
removal was slightly more than 
with PAC pre-adsorption, and 
membrane fouling was reduced 
(TMP reduced). Higher aeration 
rate increased TOC removal. 
Backwash reduced TMP devel-
opment. Increase PAC dose did 
not affect TOC removal much 
although TMP reduced. Lower 
filtration flux led to higher TOC 
removal and lower TMP

Guo et al. (2005)

Synthetic wastewater PAC MF One month operation. PAC dose 
0, 10, 40 g/L. TOC adsorption 
on membrane (mg/m2): 380, 
280, 64. Fastest TMP rise was 
for 0 g/L and slowest for 40 g/L. 
TOC removal 51–83%, UV254 
removal 63–95%

Kim et al. (2005)

Synthetic wastewater GAC MF, flat sheets
0.14-µm pores

GAC addition (150–300, 300–600, 
600–1200 µm) achieved an 
additional 10% DOC and COD 
removal. Highest removal for 
150–300 µm. TMP was high-
est with no GAC, lowest for 
300–600 µm. DOC removals 
for four fractions determined. 
Humics fraction had the largest 
percentage removal

Johir et al. (2013)

Kaolin suspension MF flat sheets
0.14 µm
pores

Adding GAC in the suspension 
(mechanical scouring) with air 
flow (air scouring) could be a 
sustainable alternative to apply-
ing high air flow rate in SMAHS. 
Provides additive effect

Pradhan et al. (2012)

Synthetic wastewater PAC Hollow fibre membr
0.1 µm

A new control system was devel-
oped to automatically optimise 
the backwash duration and 
frequency in SMAHS and was 
tested it in an experiment with a 
SMAHS. The new system was 
found to reduce more than 40% 
of the permeate required for back 
flushing

Smith et al. (2005)

BTSE** GAC MF and NF The dual membrane hybrid system 
(MF–GAC followed by NF) 
was found more effective than 
MF-GAC system in removing 
organics, PPCPs and inorganics 
 (Ca2+,  Mg2+,  SO4

2−). Removal 
percentages of DOC fractions 
were compared

Shanmuga-nathan et al. (2015a)
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PAC (Vigneswaran et al. 2007). More importantly the low 
molecular weight hydrophilic NOM fractions which can 
pass through the membranes are adsorbed by PAC (Uyak 
et al. 2014). More adsorption sites become available on the 
PAC surface as organics that were adsorbed biodegrade 
(Vigneswaran et al. 2007). The submerged membranes do 
not experience clogging because the PAC removes virtually 
all organics. The PAC is separated out by the membrane.

Increase in PAC dose and aeration rate enhanced organ-
ics removal but higher filtration flux reduced organics 
removal (Vigneswaran et al. 2003; Thiruvenkatachari et al. 
2004; Guo et al. 2005; Kim et al. 2005). TMP development 
reduced with larger doses of PAC and lower filtration flux 
(Guo et al. 2005). The reduction in TMP was helpful in 
preventing membrane clogging. Kim et al. (2005) reported 
TOC removal of 51, 74 and 83% from synthetic wastewater 
for PAC doses of 0, 10 and 40 g/L, respectively. It should 
be noted that PAC was added only at the beginning of the 
experiment. The corresponding amounts of organic com-
pounds that attached to the membrane pores decreased to 
380, 280 and 64 mg of TOC per 1  m2 of membrane surface 
area, respectively.

In the SMAHS, it is necessary to steadily renew the aged 
PAC because the adsorption capacity of PAC continues to 
decline with time due to the progressive amounts of organics 
being adsorbed leaving less sites for further adsorption. It 

is possible that some of the adsorbed pollutants can desorb 
when the solution concentration becomes low. Therefore, 
it is important to replace the exhausted adsorbent before 
desorption of the adsorbed pollutants commences (Pan et al. 
2022). Shanmuganathan et al. (2015a) conducted a number 
of SMAHS experiments on organic removal using biologi-
cally treated sewage effluent (BTSE). The initial GAC dose 
that was added for all experiments was 2 g/L, and the daily 
replacement doses were 0%, 2%, 5% and 10% GAC. They 
reported that a daily replacement dose of 5% and 10% GAC 
kept DOC removal steady at between 40 and 70% and 60 
and 80% respectively from the commencement of the experi-
ments for a period of 60 days (Fig. 4) when the experiment 
was stopped. At the lower replacement dose of 2% GAC, the 
removal decreased from approximately 50 to 20% during this 
period. Although with renewing, PAC has high capacity to 
absorb the organic matters, too frequent replacement can 
lead to low growth of microorganisms and hence a reduction 
in biodegradation of organics (Jeong et al. 2013).

A simple mathematical model based on CSTR (con-
tinually stirred tank reactor) was developed to predict total 
organic carbon (TOC) in SMAHS effluent (Vigneswaran 
et al. 2003). The model accounts for PAC adsorption of 
organics, membrane separation of organic laden PAC and 
organic adsorption on the membrane surface. Membrane 
correlation coefficient (MCC) is a term used in the model 

**Biologically treated sewage effluent; ***Potassium cobalt hexacyanoferrate, ammonium molybdophosphate

Table 1  (continued)

Water Adsorbent Membrane Research findings Reference

BTSE** Purolite A502PS MF 0.5 g/L Purolite (a dose much 
lower than for common AC) 
increased organic removal from 
less than 10% to above 40%. A 
higher dose led to better organic 
removal and reduced membrane 
resistance. An increase in mem-
brane flux led to higher organics 
adsorption on the membrane 
increasing TMP. Increased Puro-
lite particle size reduced DOC 
removal and TMP development

Shanmuga-nathan et al. (2014b)

Synthetic wastewater Fe hydroxide, oxyhydroxide UF 70–80% phosphate removal 
from 2 mg P/L solution using 
0.25–0.60 mg Fe/L of adsor-
bents. Parameters affecting the 
performance of the SMAHS 
were evaluated

Hilbrandt et al. (2019)

Synthetic seawater KCoFC***, AMP*** MF When KCoFC (0.2 g/L) was added 
to 4 L solution (5 mg Rubidium 
(Rb)/L) and a further 25% of the 
initial dose added every hour, Rb 
removal was steady at 90–96% 
for 26 h. AMP removal was 
80–82%

Nur et al. (2018)
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that groups membrane adsorption of organics and membrane 
separation of PAC. The principal parameters found by the 
model to control the system’s effluent quality were the MCC 
and the filtration flux. A larger value of MCC gave a better 
removal of organics by the system. The MCC value was 
proportional to the dose of PAC added to the system. The 
hybrid system performance was successfully modelled for 
the PAC dose in the range of 100–1000 mg/L.

The pollutants’ removal efficiencies are similar when GAC 
was used instead of PAC in SMAHS in later years (Kim et al. 
2009; Johir et al. 2011, 2013; Shanmuganathan et al. 2015a, 
b). Kim et al. (2009) reported that UV260 removal efficiency 
of SMAHS using MF and GAC was about 60% whereas that 
by MF alone was 30%. The rate at which the permeability 
of the membrane decreases was smaller than a conventional 
MF membrane process (e.g. 130 days with GAC and about 
70 days without GAC). This was attributed to the lower organic 
loading on the membrane that results from NOM adsorption 
on the GAC. Treatment with SMAHS gave removal efficien-
cies for DOC, chemical oxygen demand, total N and total P 
of 42%, 53%, 15% and 13% respectively, while treatment with 
MF membrane-alone was 25–30%, 20–25%, 5–10% and 5–8%.

Shanmuganathan et al. (2014b) reported that a smaller 
particle size of adsorbent gave rise to rapid TMP develop-
ment in the membrane hybrid system even though removal 
of DOC was more efficient. Johir et al. (2013) studied more 
closely the effect of different particle sizes of GAC. It was 
found that membrane fouling was more effectively reduced 
by 300–600-µm size GAC than 150–300-µm or 600–1200-
µm size GAC. The TMP development was high (38.9 kPa) 
if no GAC was added. The TMP development was 21.3, 
16.0 and 28.5 kPa with GAC sizes of 150–300, 300–600 and 
600–1200 µm, respectively. The lowest development of TMP 
with the use of the 300–600-µm particle size was the result 

of the combined effect of higher amount of adsorption of 
organic matter when a larger particle size was used and the 
greater mechanical scour on the membrane surface created 
than when using a smaller particle size.

During the last decade, several OMPs consisting mainly 
of PPCPs, endocrine disruptors, insecticides and industrial 
by-products have emerged as water pollutants of serious con-
cern (Loganathan et al. 2022). OMPs’ exposure is known 
to elevate carcinogenic, mutagenic and reproductive toxic-
ity risks in human and animal (Fick et al. 2010; Pal et al. 
2010; Cizmas et al. 2015; Zhang et al. 2022). This has led 
to the application of SMAHS in removing these pollutants 
from wastewaters. Also, during this period, the emphasis 
shifted to studying the relative efficiencies of the different 
NOM fractions’ removal, whereas previously only total 
NOM removal was studied. This has helped to understand 
which NOM fraction caused fouling problems and the steps 
to arrest them. There can also be competition for adsorp-
tion between the different NOM fractions and OMPs which 
reduces the efficiency of removal of these pollutants.

AC is a popular adsorbent that has been used for the effi-
cient removal of NOM and majority of MOPs from waste-
water (Snyder et al. 2007; Velten et al. 2011; Jamil et al. 
2019a; b; Zhang et al. 2022). Therefore, when AC is used 
in SMAHS, it can effectively remove NOM and MOPs and 
stop them from passing through the membranes.

Also, the fouling caused by NOM can be reduced because 
most of the NOM particles, which would otherwise deposit 
on the surface and in pores of the membrane, are removed 
by AC adsorption. Shanmuganathan et al. (2015a) dem-
onstrated how effective MF-GAC hybrid systems were in 
removing the major organic foulants from BSTE. Both the 
hydrophobic and hydrophilic forms of NOM were removed, 
and this led to reduced membrane fouling.

Fig. 4  Effect of increasing 
rate of GAC replacement on 
DOC removal from BTSE 
using SMAHS (DOC of initial 
BTSE 4–7 mg/L; Initial GAC 
dose 2 g/L; R.GAC denotes 
daily replacement rate of GAC) 
(modified from Shanmugana-
than et al. (2015a))
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Hydrophobics were adsorbed due to interaction with the 
hydrophobic GAC surface and π-π bonding (Loganathan 
et al. 2022). On the other hand, GAC removal of hydro-
philic compounds was governed by mechanisms which are 
independent of hydrophobicity such as surface complexa-
tion, anion exchange and hydrogen bonding. Because they 
are smaller in size than hydrophobics they can penetrate the 
pores/channels of the AC and become adsorbed.

Löwenberg et al. (2014) reported that on an average 71%, 
56% and 37% of biopolymers, low molecular weight sub-
stances and humic substances, respectively were removed 
from a waste treatment plant effluent using a PAC/UF-based 
SMAHS (PAC dose 20 mg/L) over a period of 6 months. 
They also stated that five OMPs in the effluent were effec-
tively removed, and the percentage removal was positively 
correlated with the log D values of OMPs (a measure of 
hydrophobility), as reported by Snyder et al. (2007) for eight 
OMPs adsorbed on GAC (where log Kow was used as a 
measure of hydrophobicity). The OMPs, benzotrizole and 
carbamazepine with the highest percentage removal had 
relatively high log D values of 1.44 and 2.45, respectively. 
The lowest percentage removal was found for sulfameth-
oxazole which had the smallest log D of − 1.51 (Löwen-
berg et al. 2014). The charge of the OMP also influences its 
adsorption on AC (Jamil et al. 2019a); negatively charged 
OMPs are less favourable for adsorption on the negatively 
charged AC because of electrostatic repulsion compared 
to positively or neutrally charged ones. For example, Jamil 
et al. (2019a) found that atenolol (log kow 0.16, positively 
charged), paracetamol (log kow 0.46, neutral charge) and 
trimethoprine (log kow 0.91, neutral charge) although hav-
ing hydrophilic characteristics (low log kow), were almost 
completely removed (90–100%) by a GAC.

SMAHS has also been shown to effectively remove spe-
cialised OMPs such as phenol and its derivatives from indus-
trial wastewaters using adsorbents such as hyper cross-linked 
polymer adsorbents instead of AC (Ipek et al. 2012). Nguyen 
et al. (2021) reported that continuous use of MF/PAC-based 
SMAHS effectively removed nonylphenol ethoxylate from 
an industrial water.

SMAHS for removing pollutants from reverse 
osmosis concentrate

ROC is a wastewater generated in wastewater treatment plants 
from the RO process. ROC contains high concentrations of 
salinity, nutrients (phosphorus, nitrogen), NOM and OMPs. 
Adverse effect on the ecology and environment can result with 
indiscriminate disposal of partially or untreated ROC (Umar 
et al. 2015; Joo and Tansel 2015; Valdés et al. 2021; Arola 
et al. 2019; Zhang and Liu 2021) as well as loss of a scarce 
water resource (20–30% of total wastewater volume (Umar 

et al. 2015; Yang et al. 2019)). In many jurisdictions, sustain-
able treatment and management and safe disposal of ROC are 
mandated. Removal of pollutants from ROC to comply with 
the recommended effluent discharge concentration limits is 
generally more difficult with ROC than wastewater because 
the pollutant concentrations are so much higher in ROC. For 
example, the DOC concentration in RO feed or BTSE is in 
the range of 3–7 mg/L, whereas this concentration in ROC 
is between 13 and 57 mg/L (Shanmuganathan et al. 2015b, 
2017; Jamil et al. 2019a, b; Zhang and Liu 2021).

Hybrid membrane/AC adsorption process has not been 
widely applied to remove pollutants in ROC. However, the 
few studies conducted have shown how effective this method 
is in removing organic pollutants such as NOM and OMPs. 
These studies are reviewed below, and suggestions are made 
for improving this process.

Similar to wastewater treatment, increasing the dose of 
GAC in MF/GAC SMAHS treatment of ROC sourced from 
a water reclamation plant raised the percentage removal of 
DOC and reduced the level of TMP development (Shanmu-
ganathan et al. 2015b) (Fig. 5). MF filtration alone was not 
effective in removing DOC and was at less than 10%. This 
was because much of the organics were smaller than the MF 
membrane pore size of 0.1 µm, through which they passed. 
The TMP in the MF only system increased up to 27 kPa 
over the 6 h of the experiment. If 5 g/L of GAC was added 
at the start of the experiment, TMP development reduced 
by 10 kPa. Shanmuganathan et al. (2015b) reported that 
the smaller TMP development produced by 5 g/L of GAC 
was likely due to GAC pre-adsorbing the organics before it 
reached the membrane and the mechanical scouring of GAC 
on the surface of the membrane as it circulated around the 
reactor. Increasing the dose of GAC to 20 g/L did not fur-
ther reduce TMP because the lower dose might have been 
sufficient to reduce fouling on the membrane. The result is 
unlikely the same with continuous operation of SMAHS over 
long duration experiments as others have found that higher 
dosages were required (Johir et al. 2011). Shanmuganathan 
et al. (2015b) demonstrated the important benefits of using 
SMAHS instead of MF alone for the treatment of ROC.

In the MF/GAC-based SMAHS treatment of the ROC, 
Shanmuganathan et al. (2015b) reported that the removal 
of the hydrophobic and hydrophilic fractions of DOC was 
nearly equal. Hydrophilic fraction of ROC contained mainly 
humics (500–1200 g/mol) and building blocks (weathered 
products of humics, 350–500 g/mol). SMAHS removed 37% 
and 69% of these fractions, respectively. Building blocks 
were smaller in size and could penetrate the pores of the 
GAC and become adsorbed in the internal surfaces resulting 
in higher percentage removal (Velten et al. 2011). The MF-
GAC system with a GAC dose of 5 g/L effectively removed 
17 OMPs by 65–100% from the ROC. A larger GAC dose 
of 20 g/L increased removal to 81–100%. There were no 
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apparent relationships between OMP properties (molecular 
size, hydrophobicity and charge) and the observed removal 
efficiency. The authors claim that this was probably due to 
the high GAC dose used.

A later study of MF/GAC SMAHS treatment of ROC, 
using an initial 10 g/L GAC dose supplemented with a 
daily 10% GAC replacement, reported that DOC removal 
decreased from 80% on the first day to 50–60% after 
4–6  days (Shanmuganathan et  al. 2017). The authors 
explained that initially, DOC constituents with high affinity 
were adsorbed to GAC leaving in solution the lower affinity 
constituents. In time, this reversed as the low affinity DOC 
constituents increased in concentration at a higher rate than 
the high affinity constituents. By contrast, the removal of a 
majority of OMPs increased with time. The reason for this 
trend was that initially the OMPs were unable to compete 
strongly with high affinity DOC constituents for adsorp-
tion. As time progressed and as low affinity DOC constitu-
ents accumulated in solution, the OMPs were able to better 
compete for adsorption. In day 1, 60% and 76% hydrophilic 
or less hydrophobic DEET and sulfamethoxazole, respec-
tively were removed. Other micropollutants were removed 
by > 81%. The removal of DEET, sulfamethoxazole and 
other micropollutants at day 7 was > 81–99%.

The cost-effectiveness of SMAHS is attractive both in 
terms of capital and the operational expenditures. Capital 
cost: In SMAHS, both the adsorption and membrane opera-
tions occur in a single tank, which reduces the cost. The 
prior adsorption helps to increase the permeate flux, and so 
reduces the required membrane area. Operational cost: Air 
scour rate is reduced due to the mechanical scour created by 
the suspended medium. This reduces the energy requirement 

and the operational cost. The mechanical scour and prior 
organic removal by the adsorbent reduce organic fouling 
on the membrane avoiding the expensive frequent chemical 
cleaning operation of the membrane. Periodic replacement 
of adsorbent into the reactor (2–3% of the adsorbent amount 
in the reactor) significantly reduces the required total amount 
of the adsorbent. For example, in SMAHS, a small amount 
of PAC (approximately 10 g/m3 of water treated) is sufficient 
to obtain an effluent with low organic/bio-fouling potential.

Conclusions

Submerged membrane bioreactor systems can remove gen-
eral organic pollutants, micro-organisms and solids. How-
ever, their capability in removing OMP including emerging 
contaminants of concern is not guaranteed. Combining the 
adsorption and membrane processes together means the 
advantages of both processes are realised and promise supe-
rior product water quality and improved process stability. Its 
success is mainly due to the following:

1) Optimization of backwash: For successful long-term 
operation of the membrane process, it is necessary to 
optimise the frequency and duration of the backwash. 
Periodic backwash duration and frequency use too 
large a volume of permeate for backwash, reducing 
the productivity of the system and raising the energy 
requirement. Adaptive backwash initiation and duration 
schemes with new control systems can lead to 40–50% 
reduction in backwash water and energy consumption.

2) Incorporation of adsorbent in SMAHS: The adsorbent 
produces an additional shearing effect that scours the 
membrane surface reducing particle deposition and low-
ers membrane resistance. It directly removes organics that 
would otherwise deposit on the membrane and cause foul-
ing. A large amount of adsorbent is added only at the 
beginning of the process (e.g. 5–10 g/L of AC) followed 
by a periodic daily substitution of as little as 2–5% of 
adsorbent equivalent to an average adsorbent residence 
time of 20–50 days in the tank. This helps to economise 
the use of adsorbent without it becoming exhausted.

The main adsorbents (AC based) typically used in SMAHS 
are hydrophobic and possess negative surface charges, and so 
effectively remove the hydrophobic and positively charged 
constituents of NOM and positively charged OMP. In this 
case, the removal of the hydrophilic constituents of NOM and 
negatively charged OMPs is not effective. Other adsorbents 
such as Purolites that possess positive surface charges and 
hydrophilic characteristics are used to increase the effective-
ness of SMAHS with respect to these constituents. Special 

Fig. 5  Removal of organics and TMP development in SMAHS (DOC 
of ROC 22–32 mg/L; flux 36 L/m.2 h; GAC doses 5 g/L and 20 g/L) 
(modified from Shanmuganathan et al. (2015b))
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adsorbents are used for removing phosphates (iron oxide 
adsorbents) and recovering valuable metals.

Several laboratory and pilot studies have demonstrated that 
SMAHS is an attractive and cost-effective solution in water rec-
lamation. However, there are some areas where more research 
is warranted. Alternative adsorbents or combination of adsor-
bents need to be explored to remove NOM and emerging 
contaminants of concern such as microplastics, per- and poly-
fluoroalkyl substances, bis-phenol, disinfectant by-products and 
pharmaceutical and personal care products. Long-term adverse 
effect of membrane damage by mechanical scouring caused 
by adsorbents needs to be studied in detail. Detailed study is 
required on the use of adsorbents in SMAHS as bio-sorbents 
to reduce its amount (and thus the cost). This also reduces the 
amount of exhausted adsorbent slurry to be handled/disposed.

Acknowledgements Support of Water Harmony, Water JPI 2018-Clos-
ing the Water Cycle Gap–Sustainable Management of Water Resources 
obtained by Harsha Ratnaweera is acknowledged.

Author contribution The authors’ contributions are as follows: Paripur-
nanda Loganathan: investigation, methodology, writing-original draft 
preparation; Jaya Kandasamy: writing—review and editing text and 
figures; Harsha Ratnaweera: funding acquisition, writing—review and 
editing; and Saravanamuthu Vigneswaran: funding acquisition, concep-
tualization, writing—review and editing.

Funding Open Access funding enabled and organized by CAUL and 
its Member Institutions This project was supported by the University 
of Technology Sydney grants obtained by S. Vigneswaran.

Data availability Data used in this paper will be made available on 
request. There is no new data created in this study. This paper is a 
mini-review. All relevant references have been cited.

Declarations 

Ethics approval This research does not involve human participants and/
or animals.

Consent to participate All authors agreed with the content and that all 
gave explicit consent to submit.

Consent for publication They have consent from the universities where 
the work has been carried out.

Informed consent Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Algieri C, Chakraborty S, Candamano S (2021) A way to membrane-
based environmental remediation for heavy metal removal. Envi-
ronments 8:52

Alonso VA, Kaiser T, Babist R, Fundneider T, Lackner S (2021) A 
multi-component model for granular activated carbon filters com-
bining biofilm and adsorption kinetics. Water Res 197:117079

Al-Qodah Z, Al-Qudah Y, Assirey E (2020) Combined biological 
wastewater treatment with electrocoagulation as a post-polishing 
process: a review. Sep Sci Technol 55:2334–2352

Arola K, Van der Bruggen B, Mänttäri M, Kallioinen M (2019) Treat-
ment options for nanofiltration and reverse osmosis concentrates 
from municipal wastewater treatment: a review. Crit Rev Environ 
Sci Technol 49:2049–2116

Aryal RK, Vigneswaran S, Kandasamy J (2010) Influence of buoyant 
media on particle layer dynamics in microfiltration membranes. 
Water Sci Tech 61(7):1733–1738

Baresel C, Harding M, Fang J (2019) Ultrafiltration/granulated active 
carbon-biofilter: efficient removal of a broad range of micropol-
lutants. Appl Sci 9:710

Choi K, Kim S, Kim S (2008) Removal of antibiotics by coagulation 
and granular activated carbon filtration. J Hazard Mat 151:38–43

Cizmas L, Sharma VK, Gray CM, McDonald TJ (2015) Pharmaceu-
ticals and personal care products in waters: occurrence, toxicity, 
and risk. Environ Chem Lett 13:381–394

Cougnaud A, Faur C, Le Cloirec P (2005) Removal of pesticides from 
aqueous solution: quantitative relationship between activated car-
bon characteristics and adsorption properties. Environ Technol 
26:857–866

Crittenden JC, Trussell RR, Hand DW, Howe KJ (1899) Tchobano-
glous G (2012) MWH’s water treatment: principles and design, 
3rd edn. Wiley, Hoboken

Dewi R, Shamsuddin N, Abu Bakar MS, Santos JH, Bilad MR, Lim LH 
(2021) Progress in emerging contaminants removal by adsorption/
membrane filtration-based technologies: a review. Indonesian J 
Sci Tech 6:577–618

Eeshwarasinghe D, Loganathan P, Kalaruban M, Sounthararajah DP, 
Kandasamy J, Vigneswaran S (2018) Removing polycyclic aro-
matic hydrocarbons from water using granular activated carbon: 
kinetic and equilibrium adsorption studies. Environ Sci Pollut Res 
25:13511–13524

Ejraei A, Aroon MA, Saravani AZ (2019) Wastewater treatment using 
a hybrid system combining adsorption, photocatalytic degradation 
and membrane filtration processes. J Water Process Eng 28:45–53

Fick J, Lindberg RH, Tysklind M, Larsson DGJ (2010) Predicted criti-
cal environmental concentrations for 500 pharmaceuticals. Regul 
Toxicol Pharmacol 58:516–523

García L, Leyva-Díaz JC, Díaz E, Ordóñez S (2021) A review of 
the adsorption-biological hybrid processes for the abatement of 
emerging pollutants: removal efficiencies, physicochemical analy-
sis, and economic evaluation. Sci Total Environ 780:146554

Guillossou R, Le Roux J, Brosillon S, Mailler R, Vulliet E, Morlay 
C, Nauleau F, Rocher V, Gasperi J (2020) Benefits of ozonation 
before activated carbon adsorption for the removal of organic 
micropollutants from wastewater effluents. Chemosphere 
245:125530

Guo WS, Shimb WG, Vigneswaran S, Ngo HH (2005) Effect of oper-
ating parameters in a submerged membrane adsorption hybrid 

42750 Environmental Science and Pollution Research  (2023) 30:42738–42752

http://creativecommons.org/licenses/by/4.0/


system: experiments and mathematical modelling. J Memb Sci 
247:65–74

Hilbrandt I, Shemer H, Ruhl AS, Semiat R, Jekel M (2019) Compar-
ing fine particulate iron hydroxide adsorbents for the removal of 
phosphate in a hybrid adsorption/ultrafiltration system. Sep Purif 
Technol 221:23–28

İpek IY, Kabay N, Yüksel M, Yapıcı D, Yüksel Ü (2012) Application 
of adsorption—ultrafiltration hybrid method for removal of phenol 
from water by hypercrosslinked polymer adsorbents. Desalination 
306:24–28

Jamil S, Loganathan P, Listowski A, Kandasamy J, Khourshed C, 
Vigneswaran S (2019a) Simultaneous removal of natural organic 
matter and micro-organic pollutants from reverse osmosis con-
centrate using granular activated carbon. Water Res 155:106–114

Jamil S, Loganathan P, Kandasamy J, Listowski A, Khourshed C, 
Naidu R, Vigneswaran S (2019b) Removal of dissolved organic 
matter fractions from reverse osmosis concentrate: comparing 
granular activated carbon and ion exchange resin adsorbents. J 
Environ Chem Engineer 7:103126

Jamil S, Loganathan P, Kandasamy J, Listowski A, McDonald JA, 
Khan SJ, Vigneswaran S (2020) Removal of organic matter from 
wastewater reverse osmosis concentrate using granular activated 
carbon and anion exchange resin adsorbent columns in sequence. 
Chemosphere 261:127549

Jamil S, Loganathan P, Kandasamy J, Ratnaweera H, Vigneswaran S 
(2021a) Comparing nanofiltration membranes effectiveness for 
inorganic and organic compounds removal from a wastewater-
reclamation plant’s micro-filtered water. Materials Today: Proceed 
47:1389–1393

Jamil S, Loganathan P, Khan SJ, McDonald JA, Kandasamy J, Vigne-
swaran S (2021b) Enhanced nanofiltration rejection of inorganic 
and organic compounds from a wastewater—reclamation plant’s 
micro-filtered water using adsorption pre-treatment. Sep Purif 
Technol 260:118207

Jeong S, Naidu G, Vigneswaran S (2013) Submerged membrane 
adsorption bioreactor as a pretreatment in seawater desalination 
for biofouling control. Bioresour Tech 141:57–64

Ji L, Zhou J (2006) Influence of aeration on microbial polymers and 
membrane fouling in submerged membrane bioreactors. J Memb 
Sci 276:168–177

Jiang J (2015) The role of coagulation in water treatment. Curr Opin 
Chem Engineer 8:36–44

Johir MAH, Aryal R, Vigneswaran S, Kandasamy J, Grasmick A 
(2011) Influence of supporting media in suspension on membrane 
fouling reduction in submerged membrane bioreactor (SMBR). J 
Membr Sci 374:121–128

Johir MAH, Shanmuganathan S, Vigneswaran S, Kandasamy J (2013) 
Performance of submerged membrane bioreactor (SMBR) with 
and without the addition of the different particle sizes of GAC as 
suspended medium. Bioresour Tech 141:13–18

Joo SH, Tansel B (2015) Novel technologies for reverse osmosis con-
centrate treatment: a review. J Environ Manage 150:322–335

Khirani S, Smith PJ, Manéro M, Aim RB, Vigneswaran S (2006) Effect 
of periodic backwash in the submerged membrane adsorption hybrid 
system (SMAHS) for wastewater treatment. Desalination 191:27–34

Kim H, Katayama H, Takizawa S, Ohgaki S (2005) Development of a 
microfilter separation system coupled with a high dose of pow-
dered activated carbon for advanced water treatment. Desalination 
186:215–226

Kim K, Kim H, Kim J, Nam J, Kim J, Son S (2009) A hybrid micro-
filtration–granular activated carbon system for water purification 
and wastewater reclamation/reuse. Desalination 243:132–144

Lebeau T, Lelièvre C, Buisson H, Cléret D, Van de Venter LW, Côté P 
(1998) Immersed membrane filtration for the production of drink-
ing water: combination with PAC for NOM and SOCs removal. 
Desalination 117:219–231

Lin C, Huang Y, Hao OJ (1999) Ultrafiltration processes for removing 
humic substances: effect of molecular weight fractions and PAC 
treatment. Water Res 35:1252–1264

Loganathan P, Kandasamy J, Jamil S, Ratnaweera H, Vigneswaran 
S (2022) Ozonation/adsorption hybrid treatment system for 
improved removal of natural organic matter and organic micro-
pollutants from water—a mini review and future perspectives. 
Chemosphere 296:133961

Lou Y, Zhang S, Zhu T (2020) Research on the current situation of 
ultrafiltration combined process in treatment of micro-polluted 
surface water, E3S Web Conf. ICAEER 194:04041

Löwenberg J, Wintgens T (2017) PAC/UF processes: current applica-
tion, potentials, bottlenecks and fundamentals: a review. Crit Rev 
Environ Sci Tech 47:1783–1835

Löwenberg J, Zenker A, Baggenstos M, Koch G, Kazner C, Wintgens 
T (2014) Comparison of two PAC/UF processes for the removal of 
micropollutants from wastewater treatment plant effluent: process 
performance and removal efficiency. Water Res 56:26–36

Margot J, Kienle C, Magnet A, Weil M, Rossi L, de Alencastro LF, 
Abegglen C, Thonney D, Chèvre N, Schärer M, Barry DA (2013) 
Treatment of micropollutants in municipal wastewater: ozone or 
powdered activated carbon? Sci Total Environ 461–462:480–498

Matsui Y, Yuasa A, Ariga K (2001) Removal of a synthetic organic 
chemical by PAC-UF systems: theory and modelling. Water Res 
35:455–463

Nguyen P, Le T, Vo T, Dang B, Son N, Nguyen DU, Bui X (2021) 
Submerged membrane filtration process coupled with powdered 
activated carbon for nonylphenol ethoxylates removal. Water Sci 
Technol 84:1793–1803

Nur T, Loganathan P, Johir MAH, Kandasamy J, Vigneswaran S (2018) 
Removing rubidium using potassium cobalt hexacyanoferrate 
in the membrane adsorption hybrid system. Sep Purif Technol 
191:286–294

Pal A, Gin KYH, Lin AYC, Reinhard M (2010) Impacts of emerg-
ing organic contaminants on freshwater resources: review of 
recent occurrences, sources, fate and effects. Sci Total Environ 
408:6062–6069

Pan L, Nakayama A, Matsui Y, Matsushita T, Shirasaki N (2022) Des-
orption of micropollutant from superfine and normal powdered 
activated carbon in submerged-membrane system due to influent 
concentration change in the presence of natural organic matter: 
experiments and two-component branched-pore kinetic model. 
Water Res 208:117872

Pawluk K, Fronczyk J (2015) Evaluation of single and multilayered 
reactive zones for heavy metals removal from stormwater. Environ 
Tech 36:1576–1583

Piai L, Blokland M, van der Wal A, Langenhof A (2020) Biodegra-
dation and adsorption of micropollutants by biological activated 
carbon from a drinking water production plant. J Hazard Mat 
388:122028

Pradhan M, Vigneswaran S, Kandasamy J, Aim RB (2012) Com-
bined effect of air and mechanical scouring of membranes for 
fouling reduction in submerged membrane reactor. Desalination 
288:58–65

Pradhan M, Vigneswaran S, Aim RB, Kandasamy J (2014) Modelling 
of particle deposition in a submerged membrane microfiltration 
system. Desalination 350:14–20

Renu AM, Singh K (2017) Heavy metal removal from wastewater using 
various adsorbents: a review. J Water Reuse Desal 7:387–419

Saravia F, Zwiener C, Frimmel FH (2006) Interactions between mem-
brane surface, dissolved organic substances and ions in submerged 
membrane filtration. Desalination 192:280–287

Sauter D, Dąbrowska A, Bloch R, Stapf M, Miehe U, Sperlich A, 
Gnirssa R, Wintgens T (2021) Deep-bed filters as post-treatment 
for ozonation in tertiary municipal wastewater treatment: impact 

42751Environmental Science and Pollution Research  (2023) 30:42738–42752



of design and operation on treatment goals. Environ Sci Water 
Res Tech 7:197–211

Sbardella L, Comas J, Fenu A, Rodriguez-Roda I, Weemaes M (2018) 
Advanced biological activated carbon filter for removing pharma-
ceutically active compounds from treated wastewater. Sci Total 
Environ 636:519–529

Seo GT, Ohgaki S, Suzuki Y (1997) Sorption characteristics of biologi-
cal powdered activated carbon in BPAC-MF (biological activated 
carbon-microfiltration) system for refractory organic removal. 
Water Sci Tech 35:163–170

Shanmuganathan S, Nguyen TV, Shim WG, Kandasamy J, Listowski 
A, Vigneswaran S (2014a) Effluent organic matter removal from 
reverse osmosis feed by granular activated carbon and purolite 
A502PS fluidized beds. J Indust Eng Chem 20:4499–4508

Shanmuganathan S, Nguyen TV, Shim WG, Kandasamy J, Vigne-
swaran S (2014b) Performance of submerged membrane-ion 
exchange hybrid system with Purolite A502PS in treating reverse 
osmosis feed. Sep Purif Technol 122:24–31

Shanmuganathan S, Johir MA, Nguyen TV, Kandasamy J, Vigneswaran 
S (2015a) Experimental evaluation of microfiltration–granular 
activated carbon (MF–GAC)/nano filter hybrid system in high 
quality water reuse. J Membr Sci 476:1–9

Shanmuganathan S, Nguyen TV, Jeong S, Kandasamy J, Vigneswaran 
S (2015b) Submerged membrane – (GAC) adsorption hybrid sys-
tem in reverse osmosis concentrate treatment. Sep Purif Technol 
146:8–14

Shanmuganathan S, Loganathan P, Kazner C, Johir MAH, Vigne-
swaran S (2017) Submerged membrane filtration adsorption 
hybrid system for the removal of organic micropollutants from a 
water reclamation plant reverse osmosis concentrate. Desalination 
401:134–141

Sketchell J, Peterson HG, Christofi N (1999) Dissolved organic carbon 
removal from prairie water supply using ozonation and biological 
activated carbon. Water Quality Res J Canada 34:615–631

Smith P, Vigneswaran S (2009) Effect of backwash and powder acti-
vated carbon (PAC) addition on performance of side stream mem-
brane filtration system (SSMFS) on treatment of biological treat-
ment effluent. Desalin Water Treat 11:46–51

Smith PJ, Vigneswaran S, Ngo HH, Ben-Aim R, Nguyen H (2005) 
Design of a generic control system for optimising back flush 
durations in a submerged membrane hybrid reactor. J Memb 
Sci 255:99–106

Smith PJ, Vigneswaran S, Ngo HH, Ben-Aim R, Nguyen H (2006) 
A new approach to backwash initiation in membrane systems. J 
Memb Sci 278:381–389

Snoeyink VL, Campos C, Mariñas BJ (2000) Design and perfor-
mance of powdered activated carbon/ultrafiltration systems. 
Water Sci Tech 42:1–10

Snyder SA, Adham S, Redding AM, Cannon FS, De Carolis J, 
Oppenheimer J, Wert EC, Yoon Y (2007) Role of membranes 
and activated carbon in the removal of endocrine disruptors and 
pharmaceuticals. Desalination 202:156–181

Stoquart C, Servais P, Bérubé PR, Barbeau B (2012) Hybrid mem-
brane processes using activated carbon treatment for drinking 
water: a review. J Memb Sci 411–412:1–12

Thiruvenkatachari R, Shim WG, Lee JW, Moon H (2004) Effect 
of powdered activated carbon type on the performance of an 
adsorption-microfiltration submerged hollow fiber membrane 
hybrid system. Korean J Chem Eng 21:1044–1052

Ullberg M, Lavonen E, Köhler SJ, Golovkoa O, Wiberg K (2021) 
Pilot-scale removal of organic micropollutants and natural 
organic matter from drinking water using ozonation followed 
by granular activated carbon. Environ Sci Water Res Tech 
7:535–548

Umar M, Roddick F, Fan L (2015) Recent advancements in the treat-
ment of municipal wastewater reverse osmosis concentrate—an 
overview. Crit Rev Environ Sci Tech 45:193–248

Uyak V, Akdagli M, Cakmakci M, Koyuncu I (2014) Natural organic 
matter removal and fouling in a low pressure hybrid membrane 
systems. The Sci World J 2014:893203

Valderrama C, Gamisans X, De las Heras X, Farran A, Cortina J (2008) 
Sorption kinetics of polycyclic aromatic hydrocarbons removal 
using granular activated carbon: intraparticle diffusion coeffi-
cients. J Hazard Mater 157:386–396

Valdés H, Saavedra A, Flores M, Vera-Puerto I, Aviña H, Belmonte M 
(2021) Reverse osmosis concentrate: physicochemical character-
istics, environmental impact, and technologie. Membranes 11:753

Van Geluwe S, Braeken L, Van der Bruggen B (2011) Ozone oxidation 
for the alleviation of membrane fouling by natural organic matter: 
a review. Water Res 45:3551–3570

Velten S, Knappe DRU, Traber J, Kaiser H, von Gunten U, Boller 
M, Meylan S (2011) Characterisation of natural organic matter 
adsorption in granular activated carbon adsorbers. Water Res 
45:3951–3959

Vigneswaran S, Chaudhary DS, Ngo HH, Shim WG, Moon H (2003) 
Application of a PAC- membrane hybrid system for removal of 
organics from secondary sewage effluent: experiments and model-
ling. Sep Sci Technol 38:2183–2199

Vigneswaran S, Guo WS, Smith P, Ngo HH (2007) Submerged mem-
brane adsorption hybrid system (SMAHS): process control and 
optimization of operating parameters. Desalination 202:392–399

Wang Q, Zietzschmann F, Yu J, Hofman R, An W, Yang M, Rietveld 
LC (2020) Projecting competition between 2-methylisoborneol 
and natural organic matter in adsorption onto activated carbon 
from ozonated source waters. Water Res 173:115574

Westerhoff P, Yoon Y, Snyder S, Wert E (2005) Fate of endocrine-
disruptor, pharmaceutical, and personal care product chemicals 
during simulated drinking water treatment processes. Environ Sci 
Technol 39:6649–6663

Wu J, Zhang Y, Wang J, Zheng X, Chen Y (2021) Municipal wastewa-
ter reclamation and reuse using membrane-based technologies: a 
review. Desalin Water Treat 224:65–82

Xiang Q, Nomura Y, Fukahori S, Mizuno T, Tanaka H, Fujiwara T 
(2019) Innovative treatment of organic contaminants in reverse 
osmosis concentrate from water reuse: a mini review. Curr Pollut 
Rep 5:294–307

Yang Z, Zhou Y, Feng Z, Rui X, Zhang T, Zhang Z (2019) A review on 
reverse osmosis and nanofiltration membranes for water purifica-
tion. Polymers 11:1252

Zhang X, Liu Y (2021) Reverse osmosis concentrate: an essential link 
for closing loop of municipal wastewater reclamation towards 
urban sustainability. Chem Eng J 421:127773

Zhang Y, Zhao X, Zhang X, Peng S (2015) The change of NOM in a 
submerged UF membrane with three different pretreatment pro-
cesses compared to an individual UF membrane. Desalination 
360:118–129

Zhang X, Lin J, Ye W, Zhou W, Jia X, Zhao S, Ye C (2019) Potential 
of coagulation/GAC adsorption combined with UV/H2O2 and 
ozonation for removing dissolved organic matter from secondary 
RO concentrate. J Chem Tech Biotech 94:1091–1099

Zhang M, Shen J, Zhong Y, Ding T, Dissanayake PD, Yang Y (2022) 
Sorption of pharmaceuticals and personal care products (PPCPs) 
from water and wastewater by carbonaceous materials: a review. 
Crit Rev Environ Sci Tech 52:727–766

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

42752 Environmental Science and Pollution Research  (2023) 30:42738–42752


	Submerged membraneadsorption hybrid process in water reclamation and concentrate management—a mini review
	Abstract
	Introduction
	Activated carbon (AC) and ion exchange resin adsorbents
	Hybrid membraneadsorption process for wastewater treatment
	Submerged membrane adsorption hybrid system
	SMAHS in water and wastewater treatment
	SMAHS for removing pollutants from reverse osmosis concentrate
	Conclusions
	Acknowledgements 
	References


