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ABSTRACT

Lab-scale continuous operation of self-forming microfiltration (MF) or ultrafiltration (UF) dynamic membranes were investigated simul-
taneously by applying iron oxide as an alternative treatment option in those waters having natural organic matter (NOM), iron and
manganese. Both dynamic membranes gave high removal rates and effluent concentrations of pollutants were below the limit values in syn-
thetic water. 60 and 62% (of DOC) and 75 and 78% (of UV.s,4) were removed in low dissolved organic carbon (DOC) synthetic (LS) water by MF
and UF dynamic membranes, respectively. Although only 42 and 49% (of DOC) and 48 and 53% (of UV.s,) could be removed by MF and UF
dynamic membranes, respectively, a remarkable effect on fouling alleviation was observed in high DOC synthetic (HS) water. Iron oxide did
not enhance the removal of organic matter in low DOC natural (LN) water as much as it did in synthetic water. Iron oxide led to the removal of
high molecular weight organics, thus reversible fouling was reduced almost 2 orders of magnitude through both types of dynamic mem-
branes in high DOC natural (HN) water. Reversible and irreversible resistances were reduced by iron oxide to some extent in LN water.
Nevertheless the effect of iron oxide on fouling alleviation was much higher in HN rather than in LN water.
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HIGHLIGHTS

® The impact of self-forming MF and UF dynamic membranes on the removal process and fouling behaviour were investigated.

® Both dynamic membranes gave high removal rates and iron oxide led to a remarkable effect on fouling alleviation in artificial water.
® [ron oxide enhanced the removal of high molecular weight organics.

® Dynamic membranes caused a reduction in reversible and irreversible resistances, especially in HN water.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT
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INTRODUCTION

Fouling is the major hindrance in membrane applications. The existence of natural organic matter (NOM) is an important issue
affecting the performance and design of drinking water treatment plants. Manganese is also known to be one of the important
components of water which causes fouling, along with NOM. Normally, microfiltration (MF) or ultrafiltration (UF) membranes
alone are unable to remove soluble organics or manganese effectively. Various types of membranes have been applied to remove
NOM and manganese in the past; however, it has been shown that membranes are subjected to severe fouling, in addition to
their low retention rate (Cote et al. 1998; Choo et al. 2005; Zularisam et al. 2007; Choi et al. 2008; Park & Yoon 2009). A variety
of pretreatment methods have been tested prior to membrane filtration to overcome fouling such as coagulation, adsorption,
oxidation etc. Pre-coagulation has been shown as effective to some extent to control fouling (Miljatovic ef al. 2004; Pikkarainen
et al. 2004; Shon et al. 2005), but additional organic matter removal was poor. In-line coagulation (Konieczny et al. 2009a,
2009b; Meyn et al. 2012) or hybrid membranes (Park ef al. 2002; Choi & Dempsey 2004; Konieczny ef al. 2009a, 2009b)
have been tried by some researchers, but resulted in significant increase in transmembrane pressure. Treguer ef al. (2010)
added ozone to powdered activated carbon (PAC) to remove the aromatic fraction of NOM in drinking water. However, it
has been shown that PAC is unable to reduce fouling associated with low molecular weight organics. Actually, it was reported
that PAC had adverse effects on fouling due to small particles left behind after PAC adsorption (Lin ef al. 1999). Similary, it has
been shown that various pretreatment applications may reveal negligible or even negative impacts on fouling due to undefined
factors, possibly depending on membrane material and water characteristics (Yuan & Zydney 1999). Additionally, oxidation
with strong oxidants has not always had a positive effect on fouling control if elevated levels of algae population are present
in water. In contrast, strong oxidant application may induce an adverse effect on algal cell breakdown, so resultant intracellular
organics may be released (Fan et al. 2014).

On the other hand, chlorination has been known to form disinfection byproducts (DBPs) as a result of the interaction with
NOM. However, NOM mostly exists in water sources associated with Fe(II) and Mn(II) and may form dissolved complexes
with these constituents, especially with Fe(II). As a contrast example, if chlorination is applied, interaction of these constitu-
ents affects even the formation process of DBPs. Because the oxidation reaction of Fe(II) is much faster than that of
NOM-chlorine reactions, this situation contributes to the control of DBP formation. A similar relationship was shown for
manganese (Bazilio ef al. 2016). Therefore, NOM requires a comprehensive evaluation to select proper treatment alternatives
by taking into account water characterization.

Zhang et al. (2003) used heated iron oxide for adsorptive removal of NOM. They found that heated iron oxide formed a
cake layer on the surface of the membrane, while other adsorbents led to pore fouling. Membrane coating with iron and
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manganese oxides has been investigated and good results were observed in both control of fouling and removal of NOM
(Byun et al. 2011; Park et al. 2012; Ma et al. 2015; Yu et al. 2016). Nanoparticle incorporated membranes have been fabri-
cated and successful results have been yielded with these types of membranes (Gohari ef al. 2014; Demirel et al. 2017).

Although UF is efficient in removing some fractions of NOM and partial algal organics, it exhibits severe fouling.
Additional adverse effects of other constituents in water such as manganese worsen membrane fouling. MF membranes
are known even to be unable to remove NOM. Recently, a low pressure membrane has been increasingly applied as a
dynamic membrane since it can be operated without rapid fouling and maintains stable operation conditions. By using a
dynamic membrane, efficient removal, as obtained by NF, can be achieved through a larger pore sized MF and UF membrane.

Studies have shown that the NOM concentration in dam water supplying water to Istanbul has been increasing. Further-
more, recently seasonal taste and odor problems have been experienced caused by an algal population increase during the
periods between April through August. Powdered activated carbon has been applied using pre-ozonation to overcome this
problem; however, TOC removal efficiency was found to be poor. In fact, according to the results of the analysis, effluent
TOC concentration was found to be higher than that of the influent (Fakioglu et al. 2020), probably due to algal cell break-
down during ozone predosing. With the dynamic membrane approach, a cake layer is formed onto the membrane surface
which prevents foulants accessing through the membrane pores. NOM, iron or manganese which normally result in mem-
brane fouling are entrapped in the cake layer, preventing fouling of the membrane. In this study, lab scale continuous
operation of both self-forming dynamic membrane MF and UF were evaluated simultaneously by applying iron oxide as a
treatment alternative for surface and groundwater having NOM, iron and manganese. The impact of iron oxide on the
removal process and the fouling behaviour of dynamic membranes was evaluated for various combinations of these pollu-
tants. Thus, this research is mainly intended to give a comprehensive evaluation of dynamic membrane filtration using
iron oxide for various pollutant combinations, and provide an alternative treatment method which prevents the fouling of
membranes by a deposited cake layer on the membrane surface, acting as an additional barrier for pollutant removal without
any of the adverse effects of strong oxidants. Experiments were conducted with synthetic and natural water samples. Natural
water experiments were performed with high dissolved organic carbon (DOC) natural (HN) water (Omerli dam) and low
DOC natural (LN) water (Danamandira groundwater) samples. According to the characterization studies, both of the natural
waters have moderate iron and high manganese concentrations. Considering the iron, manganese and DOC compositons of
the natural waters, synthetic water samples with low DOC (LS) and high DOC (HS) concentrations were prepared similar to
the natural water. Thus, natural and synthetic water samples were compared within dynamic membrane MF and UF appli-
cations in terms of pollutant removal and fouling alleviation.

MATERIALS AND METHODS
Dynamic membrane system

MF and UF membranes were simultaneously operated with dynamic membrane application using iron oxide. The membranes
tested for dynamic membrane applications were a hollow fiber polypropylene MF membrane (Zena Membranes, Czech Repub-
lic) and a polyvinylidene fluoride (PVDF) UF membrane (Zenon Environmental Inc., Canada). Both membrane modules were
operated in ‘outside-in’ configuration. MF and UF membranes with nominal pore size of 0.1 um and 40 nm were tested to com-
pare their fouling tendencies and removal efficiencies. The surface area of both membranes was equal to 0.047 m>.

Dynamic membrane experiments were performed with a lab-scale continuous operation submerged membrane system
including automated control system (Figure 1). The system was supported by a UPS power supply and a generator. The mem-
brane module was made of plexiglass and had a 6.6 litre volume. The raw water was fed into the membrane module by a
peristaltic pump. The water level was controlled with a sensor to maintain a constant level in the module. A pressure
gauge was placed in the vacuum line to measure transmembrane pressure (TMP). An automated control system monitored
the pressure data online and the data was stored by a SC1000 data logger (Hach) in 5-minute intervals. Permeate was
vacuumed from the reactor by a peristaltic pump for 72 hours. Backwashing operations were performed automatically
during 60 seconds per hour through an automated control system. Air was supplied at the bottom of the membrane
module by a porous ceramic plate in order to provide dissolved oxygen beside creating turbulence and keeping foulants
away from the membrane. Permeate flow rate was kept constant at 20 ml/min (0.6127 m®*/m?/day) and was monitored
twice a day. Dynamic membrane filtration tests were performed with synthetic and natural water samples. Low and high
levels of DOC were simulated using a predetermined amount (1 and 7 mg/l) of humic acid (Aldrich) stock solution for
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Figure 1 | Schematic diagram of automated membrane system.

synthetic water. pH, alkalinity, Fe(II) and Mn(II) concentrations of the synthetic water were adjusted to natural water level.
Synthetic solutions were prepared by 100 litre of volume to be fed into the continuous submerged membrane system. Iron
oxide precipitate was obtained by slow addition of NaOH solutions into FeSO,.7H,0. The solution pH was fixed at 8.5
and aeration was maintained during 24 hours. Obtained iron oxide precipitate was used directly in pristine form without
any purification, except washing with DI water. Point of zero charge (PZC) of synthesized iron oxide was determined accord-
ing to the potentiometric titration method using 0.1 N NaOH and HNOj solutions. Iron oxide concentration in the reactor
was adjusted to 50 mg/1.

Natural water experiments were performed with high DOC (HN) surface water (Omerli dam) and low DOC (LN) ground-
water (Danamandira water unit) samples. DOC concentrations of natural water samples were 4.8 and 0.65 mg/1; specific UV
absorbance (SUVA) values were 4.15 and 1.5 I/mg/m; Fe(II) concentrations were 1.05 and 1.1 mg/l and Mn(II) concen-
trations were 0.9 and 1 mg/l for HN and LN, respectively. Natural water was fed into the membrane module and a
self-formed dynamic membrane with iron oxide was investigated for 72 hours. Solutions in the feed tank were agitated
continuously by a circulation pump to avoid precipitation. Samples were taken once a day from the reactor and permeate
line. The samples were centrifuged and filtrated using a 0.45 um cellulose filter immediately after the sampling period and
were analysed directly for DOC and ultraviolet absorbance at 254 nm (UV,s4). DOC were measured using a Total Organic
Carbon Analyzer (Schimadzu TOC-VCPH) according to the Standard Methods/5310 B. UV,s4 was determined using a
Perkin Elmer Lambda 25UV Visible spectrophotometer. ICP-OES was used to determine total iron and manganese. Charac-
teristics of the fouling layer were examined using Scanning Electron Microscopy (SEM) (Celik 2011).

RESULTS AND DISCUSSION
The impact of iron oxide on DOC and UV,s, removal

Figure 2 shows the impact of iron oxide on DOC and UV,s4 removal in both synthetic and natural waters. In general, simi-
lar DOC and UV,5, removal rates were obtained by MF and UF membranes, suggesting that the UF membrane was not
superior to the MF membrane in terms of the removal of DOC and UV,s4. For LS water, obtained DOC and UVas4
removal rates by MF and UF membranes were 46-51% and 50-54%, respectively. Removal rates decreased to 37% of
DOC and 40% of UV,s5, in HS water, depending on the increase in initial DOC concentration. On the other hand,
although the Fe(II) concentration was low, aeration pretreatment resulted in 20% of DOC and 26% of UV,s4 removal
in LS water. Herein, it must be emphasized that aeration results in in situ formation of Fe(III), which then adsorbs a cer-
tain amount of humic acid on its surface. It was revealed in our preliminary experiments that humic acid initially
constitutes a soluble complex with ferrous iron; nevertheless these complexes are readily oxidized in later stages of the
oxidation (Celik 2011). However, only 10% of DOC and 15% of UV,s4 could be removed in HS water performing aeration
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Figure 2 | DOC and UV,s, removal rates in synthetic and natural water.

pretreatment, individually. Thus, possibly due to the different pretreatment conditions performed, our findings are not in
agreement with Qu ef al. (2020), who imply that a low level of in situ formed Fe(III) contributes to the organic removal.
Although the same concentration of Fe(II) is present in this combination, in situ formed iron oxide was not sufficient to
remove high concentration of organics in HS.

Remarkable increase in removal rates was observed by dynamic membrane applications using iron oxide. As shown in
Figure 2, DOC removal rates increased to 60-62% of DOC and 75-78% of UVjs,4 in LS by MF and UF dynamic membranes,
respectively. However, dynamic membranes showed a moderate performance for HS, and removal rates decreased to 42—
49% and 48-53% for DOC and UV,s4, by MF and UF dynamic membranes, respectively. On the other hand, 50% of
DOC and UVa,s4 removal could be achieved with iron oxide, performing aeration pretreatment individually for LS water.
These relatively high removal rates arise from high affinity of humic acid to iron oxide. However, low removal rates could
be obtained with iron oxide in HS water (30% of DOC and 32% of UVa,s,4) performing aeration pretreatment individually.
Although the surface of iron oxide has a relatively high positive electric potential at the pH level used in this study, it can
remove humic acid just partially, so removal rates decreased in parallel to concentration increase in HS water. Nevertheless,
42 and 49% of DOC and 48 and 53% of UV5s4 could be removed thanks to the additional sieving effect and adsorption mech-
anism of the dynamic membrane for HS water.

Although removal rates were slightly lower than those for the synthetic water, similar DOC and UV,s4 removal rates could
be obtained in HN water by a dynamic membrane. As shown in Figure 2, 13-14% of DOC and 18% of UV,s4 could be
removed in HN water by MF and UF membranes individually, without iron oxide. Iron oxide enhanced the removal rates,
and 33 and 35% (of DOC) and 41 and 43% (of UV5s4) could be removed by MF and UF dynamic membranes, respectively.
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Similarly, only 11-12% of DOC and 14% of UV,s4 were removed by MF and UF membranes in LN water without iron oxide.
Removal rates of DOC increased (to 26 and 30%) and UV,s,4 increased (to 31 and 34%) by MF and UF dynamic membranes,
respectively. Experiments conducted with natural water revealed that pretreatment individually had a lower effect on removal
rates in natural water than it did in synthetic water. 20% of DOC and 23% of UV,5, were removed in HN water, whereas only
15% of DOC and 18% of UV,s54 were removed in LN water through pretreatment only.

Since organic matter is formed as a result of complex biochemical processes in natural water, it is not surprising to find
different results from those obtained with synthetic humic acid solutions used in the experiments. The SUVA value is calcu-
lated from the ratio of UV,5,/DOC. The SUVA represents the aromaticity of the organic matter. Aldrich humic acid, used to
prepare synthetic solutions has a high SUVA value (4-7 1/mg/m) (Karanfil et al. 2003; Pinkic 2014), representing its high aromatic
and hydrophobic character. The SUVA of Aldrich humic acid is similar to the value of Omerli Dam water (4.15 1/mg/m) in the
period of the experiments, which suggest that Omerli Dam (HN) water also has a humic-like hydrophobic character.
Although a characterization study was not conducted within the scope of the study, prior studies performed on Omerli
dam water revealed that a hydrophobic fraction is the dominant fraction, mainly consisting of hydrophobic neutral and hydro-
phobic acidic fractions (Kucukcongar ef al. 2013; Avsar et al. 2014).

It can be concluded that in experiments conducted with the dynamic membrane, HN water showed similar trends to HS
water, probably due to the similarity of NOM characteristics with HS water and its relatively higher aromatic content and
molecular weight than LN water. Therefore, it must be emphasized that dynamic membrane application is more succesful
for HN water than LN water, concerning DOC and UV,s4 removal. However, the dynamic membrane did not cause a sig-
nificiant reduction in DOC and UV,s4 in LN water (SUVA <2), as it did in synthetic water.

The impact of iron oxide on iron and manganese removal

Figure 3 shows the impact of iron oxide on iron and manganese removal. As shown in the figure, both dynamic membranes
gave almost complete iron removal in LS and HS water. Actually, ferrous iron was readily oxidized on a large scale through
an iron oxide pretreatment step, giving 96 and 94% of iron removal for LS and HS water, respectively. Moreover, 86 and 84%
of iron removal could be achieved by a pretreatment step without iron oxide. Following membrane application, effluent iron
concentrations were found below the limit values in all combinations.

On the other hand, as expected, insignificant manganese removal rates were obtained through the pretreatment step with-
out iron oxide. With an MF membrane, 63 and 74% of manganese still existed in LS and HS water without iron oxide. Using
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Figure 3 | Iron and manganese removal rates in synthetic and natural water.
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MF and UF dynamic membranes, >99% of manganese could be removed and manganese was reduced to below limit value
for both synthetic waters. Iron oxide, known for its excellent catalytic effect on Fe(II) oxidation, is moreover just as effective
as manganese oxide for catalytic oxidation of Mn(II) (Sung 1980; Sung & Morgan 1981; Davies & Morgan 1989). As a result
of this catalytic effect on oxidation, iron oxide significantly enhanced iron and manganese oxidation due to its adsorption/
surface oxidation mechanism. Obtained results were in good agreement with prior studies (Tufekci & Sarikaya 1996; Unal
et al. 2011; Cheng et al. 2020; Van Beek et al. 2020).

Dynamic MF and UF membrane applications using iron oxide led to 98 and 94% of iron removal in LN and HN water.
Although manganese was not oxidized on a large scale through the pre-oxidation step (10-20%), 95 and 88% of manganese
removal could be achieved by an MF dynamic membrane in LN and HN water, and 96 and 91% of manganese were removed
by a UF dynamic membrane in LN and HN water. Results suggested the success of both dynamic membranes in LN water in
terms of iron and manganese removal. However, although dynamic membrane application resulted in high iron removal, 88%
of manganese removal by the MF dynamic membrane couldn’t meet the standards in HN water. Effluent manganese concen-
tration for the dynamic UF membrane were also found slightly above the limit value for HN water.

Effect of iron oxide on membrane fouling

TMP trends of bare and dynamic membranes are shown in Figure 4. The remarkable fouling mitigation obtained through dynamic
membranes is noteworthy. The TMP of the MF membrane reached < 0.3 bar without iron oxide for LS and HS water. On the other
hand, the dynamic MF membrane with iron oxide operated quite stably around 0.1 and 0.2 bar for LS and HS water.

According to the results, a remarkable reduction in fouling potential of organic matter was observed in the dynamic MF
membrane for LS water, possibly due to significiant DOC, UV,s,, iron and manganese removal in the pre oxidation step.
Additionaly, it must be emphasized that 60% of DOC and 75% of UV;s4 could be removed by the MF dynamic membrane
in LS water in parallel to the stable TMP level. For HS water, relatively low DOC (42%) and UV,s4 (49%) removal rates were
obtained with a dynamic membrane in spite of its stable and low TMP trend.

On the other hand, the TMP of the dynamic UF membrane reached £ 0.55 bar and <0.2 bar for HS and LS water, respect-
ively. Figure 4 shows that the UF dynamic membrane had greater effect on fouling alleviation for LS water compared to bare
membrane. It is worth remembering that iron and manganese were removed almost completely by dynamic membrane for
both synthetic waters. Also, 78% of UV,54 and 62% of DOC removal could be achieved by the UF dynamic membrane in
LS water. Therefore, it can be concluded that the UF dynamic membrane led to a low and stable TMP trend, as well as
high removal efficiency for LS water.

Regarding natural water experiments, a dynamic MF membrane led to 0.3 bar and 0.2 bar of TMP for LN and HN water.
On the other hand, a UF dynamic membrane gave a quite low level of TMP (2 0.05 bar) for LN water, in contrast to HN water
(2 0.5 bar). According to the TMP results, an MF dynamic membrane is superior to a UF dynamic membrane for high DOC
water, while a UF dynamic membrane is a more viable option for low DOC water in the view of fouling alleviation. However,
compared to the remarkable effect on membrane fouling mitigation, low removal rates concerning DOC and UV,s4 were
obtained for natural water even with a UF dynamic membrane, possibly due to the presence of low molecular weight organics
in groundwater. The MF dynamic membrane showed more stable and low TMP trend in comparison to the UF dynamic mem-
brane for HN water. Similar removal rates of MF and UF dynamic membranes in HN water to the rates in HS water
concerning DOC and UV,s54 were noteworthy, in addition to high iron and manganese removal. It is known that humic
acid has high affinity to iron oxide (Baalousha et al. 2008; Genz et al. 2008). The PZC of synthesized iron oxide used in
this study was determined as 9.2. Therefore, the surface of iron oxide is positively charged at operation pH, which is
lower than the PZC (Illes & Tombacz 2006), and adsorbs a significant amount of NOM, especially the humic-like, high mol-
ecular weight fraction. Thus, adsorption reaction resulted in cake formation on the membrane surface which acts as an
additional barrier for foulants. Iron oxide used in this study was obtained at pH 8.5 maintaining aeration during 24 hours.
Therefore, obtained iron oxide was transformed to goethite (Yoshinaga & Kanasaki 1993; Hove et al. 2008). The obtained
PZC value of synthesized iron oxide was in line with Kosmulski ef al. (2003), who imply that the PZC of synthesized goethite
in various studies were reported in the range of 7-10.

Figure 5 shows an amplified graph of Figure 4 between the 12th and 15th hours to compare the fouling trend of bare and
dynamic membranes based on TMP.

It can be clearly seen from Figure 5 that formation of the cake layer with iron oxide alleviated membrane fouling. Resist-
ance values of the membranes are given in the next section, but it can also be seen from Figure 5 that reversible fouling was
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Figure 4 | Transmembrane pressure (TMP) values of the membranes for synthetic and natural water.

decreased using iron oxide when hydraulic backwashing was applied. The formed cake layer was relatively easily detached
from the dynamic membrane by hydraulic backwashing in comparison to the sticky fouling layer of the bare membrane.
Accordingly, low flux values were obtained with bare MF and UF membranes; on the other hand, the flux of the UF dynamic
membrane decreased only 30% in LN and 38% in HN water (Figure 6). Regarding the MF dynamic membrane, the flux was

decreased only 32% for HN and 42% for LN water.

As shown from Figure 6, flux initially declined over time for both types of membrane. The continous trend during the fil-
tration with bare membranes indicated severe fouling, possibly due to pore blocking. But both dynamic membranes showed
stable flux trends following the completion of the cake formation phase. High permeate fluxes, obtained by both dynamic
membranes, can be explained by hindering as a result of pore blocking through the accumulation of cake layer on the mem-

brane surface.
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Membrane resistance
The membrane resistance (Rm), cake resistance (Rc) and pore resistance (Rp) were calculated using the resistance in series
model. Total resistance (Rf) can be expressed by Darcy’s law:

AP
Ri=—=Ru+ R+ R, 1)
w

where AP is the TMP; u is the dynamic viscosity; and ] is the permeate flux. Prior to each experiment, the pure water flux of
the membrane was recorded by filtering 250 ml of Milli-Q water (J,). R,,, was calculated from the measurement of flux and
TMP of the virgin membrane. R; was calculated from the data at the end of the experiment. The cake layer on the membrane
surface was wiped away with a sponge and TMP and flux were measured again with Milli-Q water (Rm + Rp). Fouling resist-
ance for natural water filtration was given in Figure 7. As shown from Figure 7, reversible and irreversible resistance values in
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Figure 7 | Resistance values of raw and dynamic membranes.

HN water were 8.8 x 101 m™! and 0.3 x 10! m~!, respectively, for MF. Reversible and irreversible resistances were
decreased to 0.2 x 10! m~* and 0.12 x 10! m~1, respectively, by the MF dynamic membrane. Similarly, reversible resistance
was reduced to 0.6 x 10! m~! by the UF dynamic membrane. Irreversible resistance was also reduced to 0.2 x 101! m~! from
8.4 x 10" m~'. By applying a dynamic membrane, reversible fouling reduced almost 2 orders of magnitude. Similar results
were obtained by several researchers using dynamic membranes (Kim ef al. 2017; Kim & Jang 2018; Qu et al. 2020).
Reduction in irreversible resistances implies that iron oxide is a viable option that does not have an adverse affect on fouling,
in contrast to strong oxidants. It is known that the dominant mechanism in membrane filtration by MF and UF membranes is
sieving. However, following the cake layer formation on the membrane surface, cake filtration may become important for
membrane filtration. The cake layer formed on the membrane surface reduces the access of small particles through the mem-
brane pores and acts as a second barrier in membrane filtration. This phenomenon leads to the reduction in irreversible
resistance, as well as reversible resistance. However, the efficiency of cake filtration may vary during the filtration period.
A detailed model can be used to analyse further each component of membrane filtration such as filtration time, filtration
volume, back washing period etc. to reveal relative balanced filtration conditions (Szwast ef al. 2013; Qu et al. 2020).

SEM micrographs

According to the results of the experiments, low flux and high resistance values were obtained without a dynamic mem-
brane. On the other hand, dynamic membranes have lower resistance and significantly high flux values suggesting that iron
oxide had a positive effect on both flux and resistance values. SEM micrographs of the fouled membrane appear in Figure 8.
According to the micrographs, a loose and highly porous cake layer was formed by the dynamic membranes. The cake
layer formed on the surface of the membranes did not cause any reduction in flux and could even be easily detached
from the membranes through hydraulic backwashing. The significant decrease in reversible resistance contributes to mem-
brane lifetime due to retardation of fouling. Moreover, the decline in irreversible resistance shows that iron oxide has a
significiant impact on fouling alleviation, thus the membrane can be used for a long time without significiant pore
blockage.

According to the SEM micrographs, the obtained loose porous structure indicates that iron oxide led to the accumulation of
the flocs on the membrane surface rather than pores and acted as a second membrane layer contributing to the filtration. By
contrast, foulant accumulation mainly occured in membrane pores without iron oxide.

CONCLUSION

In this study, lab-scale continuous operation of self-forming MF and UF dynamic membranes were investigated simul-
taneously by applying iron oxide as an alternative treatment option in those waters having NOM, iron and manganese.
When the results were evaluated, the following conclusions were drawn from the results.

Iron oxide enhanced iron and manganese oxidation due to its adsorption/surface oxidation mechanism. Both dynamic
membranes gave high removal rates and effluent concentrations of iron and manganese were below the limit values in syn-
thetic water. Iron oxide led to significiant DOC and UV,s4 removal, possibly due to floc formation in synthetic water. Thus,
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Figure 8 | SEM micrographs of the fouled membranes in different water: (@) MF membranes: (a1) LS, (a2) HS, (a3) LS/Dynamic, (a4) HS/
Dynamic, (a5) LN, (a6) HN, (a7) LN/Dynamic, (a8) HN/Dynamic; (b) UF membranes: (b1) LAS, (b2) HS, (b3) LS/Dynamic, (b4) HS/Dynamic, (b5) LN,
(b6) HN, (b7) LN/Dynamic, (b8) HN/Dynamic.

iron oxide caused a significiant increase in membrane productivity, maintained a stable TMP trend and retarded membrane
fouling via cake layer formation on the membrane surface, acting as a second layer (cake filtration). It can be clearly shown
from the flux and resistance values, as well as SEM observations that iron oxide resulted in deposition of particles on the
membrane surface, forming reversible fouling by relatively large flocs with high porosity, while without iron oxide, foulants
deposited mainly in membrane pores forming membrane fouling by small particles.

But iron oxide had a moderate effect on dynamic membranes regarding DOC and UV,s4 removal when they were operated
with natural water. As for natural water, though dynamic membranes caused a significant reduction in membrane fouling, the
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obtained DOC and UV,s4 removal efficiencies were low. Furthermore, manganese concentration slightly exceeded the stan-
dards in HN water. Nevertheless, it is important to note that the removal results of DOC and UV,s54 obtained in HN water are
similar to those obtained in HS water. Dynamic membrane application is more succesful for HN than for LN water concern-
ing DOC and UVj,s4 removal. MF and UF dynamic membranes contributed to a high flux for both types of natural water. The
effect of iron oxide on TMP control resulted in reduction in reversible and irreversible fouling, thus contributed to fouling
alleviation as well. Although there is no significiant difference between MF and UF membranes in terms of the removal
rate, they show different trends with regard to membrane fouling. The UF dynamic membrane gave high flux and maintained
low and stable TMP for LN water, while MF was superior to UF for HN water. Dynamic membrane application led to the
reduction of reversible and irreversible resistances to some extent in LN water. Nevertheless the effect of dynamic membrane
application on fouling alleviation is much higher in HN water than in LN water. It seems that iron oxide led to the removal of
high molecular weight fraction of organics, thus reversible fouling reduced almost 2 orders of magnitude through both types
of dynamic membranes in HN water. Results suggested the success of both dynamic membranes in LN water in terms of iron
and manganese removal.
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