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Abstract
Iron- and steel-making industry is one of the most water-intensive industries. An industrial wastewater purification plant 
using ultrafiltration and reverse osmosis is utilized by the iron and steel production industry to reclaim wastewater from the 
manufacturing processes. After sustained operation, the ultrafiltration membranes suffered from severe fouling problems. 
The frequent and necessary chemical cleaning results in raised operating cost, reduced permeate, and shortened membrane 
lifetime. The objective of this research was to identify the major foulants that result from long-term real-world operation of 
the ultrafiltration system. The fouled ultrafiltration membrane samples were collected four times during a 1.5-year period. 
Scanning electron microscope with energy-dispersive spectrometer, loss on ignition, and fouling resistance analysis were 
conducted to characterize the foulants. We identify iron (Fe) and manganese (Mn) oxides as the major foulants on the mem-
brane surface and in the pores. We also demonstrate that irrecoverable fouling as the major contributor to fouling resistance, 
accounting for approximately 43 ~ 47% of the total increase in resistance. Based on our data, the irrecoverable fouling likely 
begins with the deposit of Fe and Mn ions and oxide particulates within the membrane pores, following by accumulation of 
additional oxides in part through an autocatalytic process, which ultimately leads to pore clogging. Therefore, pretreatment 
of the ultrafiltration influent to remove Fe and Mn ions can be a sound strategy to mitigate irrecoverable fouling.
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Introduction

Iron- and steel-making industry is one of the most water-
intensive and energy-intensive industries. Considerable 
quantities of water are mainly consumed for production 
departments, cooling systems, coke ovens, particularly in 
the integrated route, which produces steel from iron ore 
and fossils (Colla et al. 2016). Wastewaters generated from 
various manufacture processes have specific characteristics 
and generally require further treatment for reuse due to the 
poor quality of the water. For water resource conservation, 
the iron and steel industries around the world are focus-
ing on the rationalization of water resources to minimize 
the water consumption per ton of steel (Hird 2006; Huang 
et al. 2011). Thus, the development of suitable treatment 
processes to reclaim wastewater is a crucial step to increase 
the water recycling rate, thereby decreasing overall water 
consumption.

Ultrafiltration (UF) is one of the most promising pro-
cesses for the treatment of wastewater in industrial sec-
tors. It is commonly deployed as a pretreatment process for 
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reverse osmosis (RO) when water reclamation is desired. 
UF can efficiently remove high molecular weight organic 
matters, large colloids, and suspended particles from waste-
water. As a result, the suspended solids and oxygen demand 
can be effectively reduced (Michael-Kordatou et al. 2015; 
Mohammadi and Esmaeelifar 2004; Petrinic et al. 2015; 
Racar et al. 2017). In addition, the application of UF allows 
several industries to become more environmentally friendly 
by decreasing waste production and by increasing the reuse 
of high-value components (Al Aani et al. 2018; Rohani et al. 
2011). However, membrane fouling has emerged as a serious 
obstacle that limits the application of UF. Membrane foul-
ing leads to decreased permeate flux, shortened longevity 
of the membrane modules, and decreased efficiency, which 
in turn increases energy consumption. Membrane cleaning, 
although can partially control membrane fouling, requires 
increased chemical usage and additional labor for mainte-
nance. Therefore, membrane fouling not only decreases the 
efficacy but also increases the cost of operation of UF (Jafari 
et al. 2021; Porcelli and Judd 2010).

Membrane fouling occurs as the substances in the influent 
leave the liquid phase to form a layer on either the mem-
brane surface (i.e., external fouling) or inside the membrane 
pores (i.e., internal fouling) (D'Souza and Mawson 2005). 
It could lead to irreversible loss of the permeability of a 
membrane. Mechanisms involved in membrane fouling com-
monly include adsorption, pore blocking, and cake or gel 
formation (Gao et al. 2011; Guo et al. 2012; Katsoufidou 
et al. 2010). Adsorption takes place when colloids/solutes 
and the membrane interact through electrostatic attraction, 
van der Waals forces, or chemical bonding, is a process of 
thermodynamic equilibrium (Shi et al. 2014). Pore blocking 
refers to the entire or partial blockage of membrane pores 
by particles and colloids (Field and Wu 2011). Cake forma-
tion takes places when colloids precipitate layer by layer 
on the membrane surface, resulting in an additional resist-
ance to the membrane flux (Shi et al. 2014). Gel formation 
occurs when extremely concentrated macromolecules have 
accumulated and consolidated in the immediate vicinity of 
the membrane surface through concentration polarization 
(Baker 2004; Bourgeous et al. 2001; Shi 2014).

Numerous methods have been devised to control and 
prevent UF membrane fouling, such as pretreatment of the 
influent by oxidation, coagulation and/or flocculation, disin-
fection, acidification, media filtration, and chemical modifi-
cation (Colla Branca Rosito Lucca Vivas and Delmiro 2016; 
Shi 2014). Periodic membrane backwash and cleaning can 
significantly recover the permeate flux by removing foulants 
on the membrane surface (Nguyen and Roddick 2011). Opti-
mization of membrane cleaning processes requires a com-
prehensive understanding of complex interactions between 
the foulants and membranes (Shi et al. 2014). The effective-
ness of a method will be evaluated based on several factors, 

including chemical costs, sanitation costs, treatment efficacy, 
impact on membrane life, etc. To understand the mechanism 
of membrane fouling, knowing how the composition of the 
treated wastewater (metals, colloids, microorganisms, etc.) 
interacts with the UF membrane will allow the development 
of appropriate control and cleaning methods. In the study 
conducted by Lee et al., they applied back-washable micro-
filtration (BMF) and RO to treat the effluent from secondary 
treatment for water recycle in a steel company (Lee et al. 
2005). However, membrane fouling in the MF system was 
not discussed in this study. In another study using a pilot-
scale UF/RO system to reclaim the wastewater from a steel 
manufacturing industry, Choi et al. demonstrated that algae 
and bacteria are the predominant foulants (Choi et al. 2015). 
However, the study was only conducted within a relatively 
short period of time (16 days), but a UF membrane system 
for water reclamation typically lasts years. How membrane 
fouling occurs in the long term remains poorly understood. 
Therefore, long-term field investigations will be essential 
in uncovering the mechanism of membrane fouling in the 
UF treatment of iron- and steel-making wastewater. These 
investigation will provide the basis for improvement or novel 
formulation of pretreatment and cleaning protocols (Darton 
et al. 2004).

In this study, wastewater produced from an integrated 
steelwork in Taiwan was treated and reclaimed by their 
own industrial wastewater purification plant (IWPP). The 
treatment process includes coagulation, flocculation, sedi-
mentation, fiber filtration, UF, RO, and ion exchange (IX). 
However, after 3 years of operation, the UF membranes were 
severely fouled. The trans-membrane pressure (TMP) often 
achieved the threshold pressure (− 45 Kpa) within 2–3 days, 
while the new membrane can run without clean-in-place 
(CIP) for approximately 30 days. As a result of fouling, the 
permeate flux was dramatically decreased and the operating 
cost was significantly increased. Therefore, the objective of 
this research is to identify the major foulants that clogged 
the UF system in the IWPP. To the best of authors’ knowl-
edge, this is the first research to investigate the foulants and 
the fouling mechanisms of the UF membranes in the set-
ting of iron and steel manufacturing wastewater treatment 
in a full-scale operating reclamation plant. The membranes 
from the UF cassettes were sampled serially four times dur-
ing a 1.5-year period. To identify and characterize foulants, 
we studied the sampled membranes with scanning electron 
microscopy with energy-dispersive spectrometer (SEM/
EDS). Loss-on-ignition (LOI) analysis allows us to further 
characterize the organic and inorganic components of the 
foulants. Lastly, we apply resistance-in-series (RIS) models 
to determine various responsible fouling resistances of the 
fouled membranes in a single-membrane reactor. All experi-
ments were conducted in Taiwan during the years of 2019 
and 2020.
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Materials and methods

IWPP treatment process

The schematic diagram of the IWPP treatment processes 
is shown in Fig. 1. The influent wastewater streams of 
the IWPP were mixtures of blast furnace gas scrubbing 
wastewater, cold rolling wastewater, and direct and indi-
rect cooling water. The wastewater streams were ini-
tially treated with coagulation, flocculation, sedimenta-
tion, and fiber filtration. The resultant filtrate was then 
passed through a UF system to reduce silt density index 
(SDI) to less than 2. The characteristics of UF influent 
and permeate during a one-year period are summarized 
in Table 1. It is noted that the total Fe and Mn concentra-
tions of the UF influent ranged from 0.18 to 4.52 mg/L of 
Fe and < 0.1–0.25 mg/L of Mn. The presence of Mn was 
due to the addition of manganese alloys in basic-oxygen-
furnace refinement process.

The UF system comprises three trains with total of 15 
cassettes of submerged hollow fiber membranes (SUEZ 
Water). The UF membranes consist of polyvinylidene 

fluoride (PVDF) with a nominal pore size of 0.04 μm. The 
UF system was operated at a constant flux of 32 L/m2hr 
(LMH). The UF permeate was then polished with the RO 
unit to remove majority of dissolved salts and organics 
at a recovery rate of 65%. An ion exchange system was 
the final procedure to eliminate dissolved ions from the 
water by replacing them with  H+ and  OH− ions to produce 
demineralized water. The IWPP has a designed capacity 
of 28,400  m3/day and can generate 4500  m3/day of RO 
permeate and 9000  m3/day of demineralized water.

Membrane maintenance cleaning was carried out once 
a week applying 100 mg/L sodium hypochlorite (NaOCl) 
and 2000 mg/L citric acid. When the UF trans-membrane 
pressure (TMP) exceeded − 45 kPa, recovery cleaning was 
implemented using 300 mg/L NaOCl and 2000 mg/L citric 
acid to recover membrane performance.

Experimental timeline and analyses

The UF system in the IWPP demonstrated severe foul-
ing problems after 3 years of operation. At this time, we 
began our investigation to identify the foulants by col-
lecting samples of the UF membrane at 4 time points. 

Fig. 1  Schematic diagram of the IWPP in the integrated steelworks

Table 1  Characteristics of UF influent and permeate during a one-year period

UF influent UF permeate

Turbidity (NTU) pH Conductivity (μS/
cm)

COD (mg/L) Fe (mg/L) Mn (mg/L) Turbidity (NTU) pH Conductivity (μS/
cm)

5.26 ± 3.0 7.9 ± 0.38 5161 ± 168 42 ± 7 0.18 ~ 4.52  < 0.1–0.25 0.27 ± 0.25 8.2 ± 0.32 4287 ± 400
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The collection time points and the relevant experiments 
are depicted in the timeline as shown in Fig. 2. The UF 
membranes were cut from the same membrane cassette 
that is near to the UF inlet four times, which were labeled 
as A, B, C, and D in Fig. 2. Several experiments were 
conducted and will be described in the following sections.

ICP‑OES analysis for membrane foulants

At time points A and C, membranes were cut from the UF 
cassette, and the UF appearances of the time are shown 
in Fig. 3, respectively. The change in membrane color 
at time point C when compared to time point A sug-
gests severe fouling by iron oxide as shown in Fig. 3b. A 
30-cm-long membrane (cut at the middle part of the mem-
brane) from the UF cassette was submerged in a 15-mL 
tube with 1% citric acid for 12 h. The citric acids were 
then analyzed by an inductively coupled plasma-optical 
emission spectroscopy (ICP-OES, PerkinElmer, Ger-
many) to evaluate metallic concentrations in the foulants.

SEM/EDS analysis

A SEM equipped with EDS (XB 1540 Crossbeam, Carl 
Zeiss SMT AG, Germany) was used to visualize and deter-
mine the elemental components of the membrane foulants 
on the membranes. All the membrane samples were obtained 
from the middle part of the membrane and dried at 50℃ 
overnight and then coated with a thin carbon film to increase 
the conductivity prior to SEM/EDS analysis. It is critical to 
investigate the chemical components and spatial distribu-
tion of foulants in the membrane pores since the foulants 
deposited in the pores are more difficult to remove than those 
precipitated on the membrane surface. Therefore, we specifi-
cally examined the cross sections of the membrane samples 
using SEM/EDS to characterize the foulant depositing in the 
membrane pores. The membrane sample was frozen in liquid 
nitrogen and then immediately chipped by a sharp scissor 
(Zhou et al. 2015).

Loss‑on‑ignition (LOI) analysis

The organic and inorganic constituents of the foulants 
were determined by LOI analysis. LOI was conducted at 

Fig. 2  Schematic diagram of the 
experimental timeline

A

SEM
ICP-OES

SEM SEM
ICP-OES
LOI
RIS 

SEM
LOI
RIS
EDS mapping

6 months 6 months 2 months Time3 yrs

Experiments 
conducted

UF started
operation

UF operated for 3 yrs
 and started fouling

Time points cut UF B C D

Fig. 3  Pictures of the same UF 
cassette in the IWPP hung out 
to clean and examine mem-
brane fouling at time point 
A and C, respectively. The 
dimension of the cassette is 
2561 mm (height) × 2136 mm 
(width) × 1744 mm (depth)
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time point C and D in duplicates. Membrane foulants were 
removed from a fouled UF membrane (1 m in length) by 
ultrasonic cleaning and then dried at 103 °C for 4 h to elimi-
nate water. LOI can be obtained by calculating the weight 
of the sample before and after ignition at 550 °C. The LOI 
calculation was described in Eq. (1).

Resistance‑in‑series (RIS) model

Resistance-in-series (RIS) model according to Darcy’s law, 
as described in Eqs. (2) and (3), was applied to determine 
the components with changes in resistance that resulted from 
membrane fouling.

J is the membrane permeate flux  (m3/m2/sec), ΔP is 
the trans-membrane pressure (TMP, Pa), μ is the dynamic 
viscosity of the permeate (i.e., 0.001 Pa‧s), Rtot is the total 
resistance  (m−1) that can be quantified as the sum of the 
intrinsic membrane resistance (Rm), the reversible fouling 
resistance (Rre), the irreversible fouling resistance (Rirr), 
and the irrecoverable fouling resistance (Rirc). Reversible 
fouling can be eliminated by physical cleaning; irrevers-
ible fouling can only be removed by chemical cleaning; 
irrecoverable fouling cannot be mitigated by physical or 

(1)LOI =
weight(dry) − weight(550◦C)

weight(dry)

(2)J =
ΔP

� ⋅ Rtot

(3)Rtot = Rm + Rre + Rirr + Rirc

chemical cleaning (Park et al. 2015). A single-membrane 
reactor (Fig. 4) was applied to determine four types of 
resistances for the fouled membranes sampled at time 
point C and D. The test module with a 30-cm-long mem-
brane cut at the middle part of the membrane was operated 
at a constant flux of 4.15 ×  10−6  m3/m2/sec for 30 min. The 
TMP value used to calculate the resistance was obtained 
by averaging a 10-min interval centered at the 25th min 
(i.e., average values from 20 to 30 min) of each test since 
the TMP reached stable at approximately the 20th min. 
First, deionized (DI) water was filtered through a new 
UF membrane to calculate the intrinsic membrane resist-
ance (Rm). Next, to determine the total fouling resistance 
(i.e., Rre + Rirr + Rirc), DI water was filtered through the 
fouled UF membrane cut from the IWPP. The reversible 
fouling resistance (Rre) was then measured after physical 
cleaning (including backwash, aeration, and membrane 
relaxation). Afterward, chemical cleaning (1000 mg/L 
NaOCl for 5 h and 2000 mg/L citric acid for 5 h) was car-
ried out to determine the irreversible fouling resistance 
(Rirr), which is consisted of irreversible organic resistance, 
defined as the resistance obtained after NaOCl cleaning; 
and irreversible inorganic resistance, defined as the resist-
ance obtained after citric acid cleaning. Once Rre and Rirr 
were obtained, Rirc can be calculated by subtracting them 
in Rre + Rirr + Rirc.

Fig. 4  Schematic diagram of a single-membrane reactor
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Results and discussion

Membrane foulants identification

ICP‑OES results

To identify the metal constituents of the membrane foulants, 
the citric acid cleaners of UF membrane samples collected 
at time points A and C (as shown in Fig. 3) were analyzed 
using ICP-OES. The results demonstrated that Fe and Mn 
were the major metallic foulants (Table 2). Both the Fe and 
Mn concentrations at time point C are significantly higher 
than at time point A, particularly for the Mn concentration 
(19 mg/L in the citric acid). This finding further confirms 
that Fe in the UF influent caused the red-brown staining on 
the membrane surface as shown in Fig. 3b. We speculated 
that the foulants that caused the UF clogging could be iron 
and manganese oxides.

SEM/EDS analysis results

The surface topographies and cross-sectional images of the 
virgin and fouled membranes were visualized using SEM/
EDS (Fig. 5). The elemental compositions of the red box 
areas scanned by SEM/EDS are presented in 3. Carbon and 
fluorine were primarily originated from PVDF materials. 
Figure 5a, b shows SEM surface and cross-sectional micro-
graphs of a virgin membrane. Prior to foulant accumulation, 
the native surface and pores of PVDF membrane are smooth. 
Figure 5c–j shows the surface and cross-sectional micro-
graphs of fouled membrane samples at four time points. At 
time point A (Fig. 5c), 5.73% of Fe, as the most abundant 
exogenous element, was found in the red box area, whereas 
Mn was not detected. The appearance of the membrane is 
shown in Fig. 3a. For the membrane sample at time point 
B, C, and D, respectively, condensed cake layers leading to 
TMP increase can be clearly observed on all membrane sur-
face micrographs (Fig. 5e–i). Approximately 63.46%, 9.54%, 
and 8.73% of Fe and 1.4%, 31.29%, and 0.8% of Mn were 
found in the red box areas in Fig. 5e–i, respectively. The 

abundance of Mn and Fe found by SEM/EDS corroborates 
with the high Mn and Fe concentrations detected in the cit-
ric acid by ICP-OES (Table 3). The SEM results suggested 
that iron and manganese oxides are the main foulants in the 
cake layer. In addition, the SEM micrographs and associated 
EDS analyses of the membrane cross section demonstrated 
that the foulants had formed within the membrane pores. 
The membrane structure includes an active and subjacent 
supporting layers. The active layer, where solid–liquid sepa-
ration takes place during filtration, is the primary site of 
foulants accumulation. Fe and Mn were all detected in the 
UF active layers collected at the four time points as shown 
in Fig. 5d–j. Particularly, 14.42% of Mn is found in Fig. 5h, 
and 32.98% and 31.54% of Fe are found in Fig. 5d, j, respec-
tively. The results obtained indicated that Mn and Fe ions 
can form metallic oxides within the membrane pores and 
could result in irreversible or irrecoverable fouling.

LOI results

LOI tests were carried out on membrane samples from 
time point C and D to determine the relative percentage 
of organic and inorganic compositions. The LOI result 
(Fig. 6) indicates that inorganic matters accounted for 
53 ~ 55% of the foulants. Together with the ICP-OES and 
SEM/EDS findings, the iron and manganese oxides are 
likely to be the major constituents of the inorganic com-
ponents of the foulants.

Determination of fouling resistance

Figure 7 presents the percentages of different fouling 
resistances in the fouled UF membrane samples at time 
point C and D. The intrinsic membrane resistance of the 
two virgin membranes accounted for only 3.21 and 1.38%. 
The reversible fouling resistance accounting for approxi-
mately 10 ~ 11% can be readily recovered by physical 
cleaning (backwash, aeration, and membrane relaxation 
in this study). Among the irreversible resistance, inorganic 
fouling resistance (determined after cleaning with citric 
acid) accounted for approximately 29%, while organic 
fouling resistance (determined after cleaning with NaOCl) 
accounted for only approximate 12%. The irrecoverable 
fouling resistance was expected to be the dominant con-
tributor after 3 years of operation and accounted for 46.45 
and 43.5% for the fouled UF samples at time point C and 
D, respectively. This result indicates that the inorganic 
matters with iron and manganese oxides as the major con-
stituents, are the primary foulants that account for nearly 
50% reduction in the functional capacity of the membrane.

Table 2  ICP-OES results of the metallic concentrations in the citric 
acids (unit: mg/L)

Element The membrane cut at time 
point A

The membrane 
cut at time point 
C

Ca 6.8 2.7
Mg 0.3 0.3
Fe 1.7 4.9
Mn 1.3 19
Si 0.2 0.4



11507International Journal of Environmental Science and Technology (2023) 20:11501–11512 

1 3

Analysis of irrecoverable fouling

In this study, NaOCl (1000  mg/L) and citric acid 
(2000 mg/L) were applied sequentially to clean the fouled 
membrane by soaking and backwashing. The same fouled 
UF membrane, as previously seen in Fig. 5i, j, underwent 
chemical cleaning and was visualized by SEM as shown 
in Fig. 8a. In comparison with Fig. 5c, e, g, i, the fouling 
layer on the membrane surface was removed by chemical 
cleaning. Membrane pores are visualized in Fig. 8a, which 

demonstrates that NaOCl and citric acid were sufficient to 
clean most foulants on the membrane surface. Figure 8b 
illustrates the SEM cross-sectional micrograph of the fouled 
membrane after chemical cleaning. The pores within the 
membrane cannot be visualized owing to the limited SEM 
resolution. The EDS analysis of the red box areas on the 
micrographs is listed in Table 4. Compared with Table 3, 
most of heavy metals on the surface were removed. How-
ever, Fe was still dominant in the red box area of the cross-
sectional micrograph accounting for approximately 49% of 

Fig. 5  SEM micrographs of the 
virgin and fouled membranes: 
a virgin membrane surface 
(10,000 ×); b virgin membrane 
cross section (700 ×); c fouled 
membrane surface cut at time 
point A (500 ×); d fouled 
membrane cross section cut 
at time point A (3000 ×); e 
fouled membrane surface cut at 
time point B (500 ×); f fouled 
membrane cross section cut at 
time point B (1200 ×); g fouled 
membrane surface cut at time 
point C (500 ×); h fouled mem-
brane cross section cut at time 
point C (2000 ×); i fouled mem-
brane surface cut at time point 
D (8000 ×); j fouled membrane 
cross section cut at time point D 
(3000 ×). EDS was used to scan 
the red box areas

(a) virgin (b) virgin

(c) Time Pt. A (d) Time Pt. A

(e) Time Pt. B (f) Time Pt. B

Active layer

Supporting 
layer

Supporting layer

Supporting layer

Active layer

Active 
layer

(g) Time Pt. C (h) Time Pt. C

(i) Time Pt. D (j) Time Pt. D

Supporting layer

Active 
layer
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the total elements. This observation indicates that iron oxide 
accumulated within the membrane pores cannot be effi-
ciently cleaned by chemical reagents. Mn was not detected 
on the membrane surface (Fig. 8a) but accounted for approx-
imately 1% within the membrane pores (the red box area in 
Fig. 8b). We can also infer that chemical cleaning was not 
efficient at removing manganese oxide from the pores. To 
sum up, iron and manganese oxides were responsible for the 
irrecoverable fouling in the fouled membranes since foulants 
in the membrane pores were considered to be irrecoverable 
(Jiang et al. 2003).

The EDS mapping of the cross section of the fouled mem-
brane was conducted after chemical cleaning to verify the 
impact of Fe and Mn on membrane fouling. Figure 9 shows a 
cross-sectional micrograph and EDS mapping images of the 
fouled UF membrane after chemical cleaning. In Fig. 9b, c, 
iron and manganese oxides were uniformly scattered in the 
active and supporting layers. In the IWPP, most Fe ions in 
the feed solution were readily oxidized to iron oxides since 
the UF system was aerated at neutral pH to prevent mem-
brane fouling (Choo et al. 2005). However, the remaining 
non-oxidized Fe ions and small iron oxide particulates can 
still pass through the membrane surface. Formation of larger 
iron oxide particulates can occur in the membrane pores 
leading to irrecoverable fouling. In comparison with Fe ions, 
Mn ions do not oxidize as easily. In the IWPP, the addition 
of hypochlorous acid was carried out to mitigate biofouling 
prior to the fiber filtration. Chlorination facilitates oxidation 

Table 3  Elemental analysis of the red box areas on the SEM micrographs shown in Fig. 5 determined by EDS (unit: %)

Element Virgin surface Virgin 
cross sec-
tion

A surface A
cross section

B surface B
cross section

C surface C
cross section

D surface D
cross section

C 59.03 – 70.77 – 14.7 49.18 22.45 – 38.62 –
O – 14.64 2.48 2.43 11.07 2.61 10.53 68.75 26.24 35.99
F 38.02 84.44 17.95 5.71 – 38.96 23.39 5.34 19.95 2.96
Mg – – – – – 0.12 – 0.27 1.83
Al – – 0.44 0.14 0.62 – 0.27 0.57 1.46 3.84
Si – 0.91 1.23 0.72 1.46 0.66 – 0.62 – 2.83
P – – – – 2.15 – – – – –
S – – – 1.17 – – – 0.61 – 1.96
Zn – – – 0.32 0.75 – – 0.47 0.17 0.45
Cl 0.26 – 0.47 7.84 1.00 – 0.98 1.36 1.42 3.64
Ca – – 0.41 39.44 1.37 – 1.42 1.48 2.34 11.27
Cr – – – 4.57 – – – – – –
Mn – – – 4.68 1.4 5.12 31.29 14.42 0.80 1.81
Fe – – 5.73 32.98 63.46 3.48 9.54 5.63 8.73 31.54
Cu – – – – 0.06 – – – – –
Ag – – 0.18 – – – – – – –
Au 2.69 – 0.33 – 1.94 – – – – –
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of Mn ions, which can accumulate as manganese particles 
in the membrane pores and then progressively make manga-
nese oxide particles grow up in the membrane pores (Podaru 
et al. 2008). In summary, we demonstrate that irrecoverable 
UF membrane fouling begins with the oxidation of Fe and 
Mn ions and followed by the deposit of the oxide particulates 
in the membrane pores. Thus, based on our findings, removal 
of Fe and Mn in the pretreatment of the UF influent can be 
an effective way to mitigate irrecoverable fouling by Fe and 
Mn oxides in the IWPP.

Fig. 8  SEM micrographs of the 
fouled membrane after chemical 
cleaning: a surface (3000 ×); b 
cross section (1000 ×)

(a)
Supporting layer

Active layer

(b)

Table 4  Elemental analysis of the red box areas on the SEM micro-
graphs shown in Fig. 8

Element Surface (%) Cross section (%)

C 46.57 34.98
O 15.41 7.99
F 33.35 6.74
Ca 2.8 –
Fe 1.87 49.29
Mn – 1.0

Fig. 9  a SEM cross-sectional 
micrograph and b, c the EDS 
mapping images of the fouled 
UF membrane after chemical 
cleaning
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Membrane fouling mechanisms

The experimental results and observations presented in 
this paper show that the formation of Fe and Mn oxide 
particulates represents a major mechanism of severe mem-
brane fouling in the UF system in the IWPP. Figure 10 
illustrates two possible mechanisms of the fouling phe-
nomenon caused by iron and manganese oxide particu-
lates. If the Fe and Mn ions are totally oxidized in the 
influent, the cake layer formed by the metallic oxides on 
the membrane surface might not cause serious fouling but 
rather can ameliorate permeability (Fig. 10a) since the 
oxide particles can adsorb organic matters, which can act 
as foulants (Chang et al. 1998; Lee et al. 2002). Although 
addition of hypochlorous acid in the UF influent and aera-
tion in the UF trains oxidizes Fe and Mn ions, part of the 
Fe and Mn ions and oxide particulates are still tiny enough 
to deposit within the pores after chlorination, ultimately 
leading to clogging of the pores (Fig. 10b). In addition, 
the slow oxidation rate of Mn (Choo Lee and Choi 2005) 
increases the likelihood for Mn oxides to deposit and accu-
mulate within the pores. Manganese oxide, particularly 
manganese dioxide, can catalyze Mn and Fe oxidation 
(i.e., autocatalytic process) (Chen et al. 2011; Cheng et al. 
2020; Teng et al. 2001), which will continue to adsorb and 
catalyze the Mn and Fe ions that enter the pores, and oxi-
dize both ions to oxide forms, causing pore blocking and 
irrecoverable fouling. The reduction potentials of  MnO2/

Mn2+and Fe ions/Fe oxides are listed in Table 5 as well to 
support this statement.

Conclusion

The fouled UF membranes after 3 years of operation in the 
IWPP were conducted a series of analysis to identify the 
main foulants that severely clogged the UF membranes. 
Our investigations identify Fe and Mn as the main heavy 
metal foulants on the membranes. Based on SEM/EDS 
results, the fouling layer on the membrane surface mainly 
contained Fe (highest 63.46%) and Mn (highest 31.29%). 
Within the cross section of the fouled UF membranes, 
high percentages of Fe (highest 32.98%) and Mn (highest 
14.42%) were found in the active layers. We further dem-
onstrate that oxidation of Fe and Mn can occur as deposits 
on the membrane surface and within the membrane pores 
and is the major mechanism in the formation of irrevers-
ible or irrecoverable fouling. In addition, the LOI analysis 
showed that inorganic foulants accounted for 53 ~ 55%, 
further supporting the role of iron and manganese oxides 
as the major foulants. Resistance-in-series model analy-
sis showed that the irrecoverable resistance accounted for 
approximately 43 ~ 47% of the total resistance, whereas 
the irreversible resistance, including inorganic resistance 
(29.68%) and organic resistance (10.34%), accounted for 
approximately 40%. After the fouled membrane underwent 
chemical cleaning, residual Fe and Mn compounds were 
identified in the membrane pores by SEM/EDS and EDS 
mapping. The results demonstrated that the irrecoverable 
fouling can be attributed to the deposit of Fe and Mn ions 
and oxide particulates in the membrane pores, and the sub-
sequent autocatalytic oxidation of Fe and Mn ions further 
accumulates oxide particulates that ultimately results in 
pore blocking and irrecoverable fouling. Therefore, based 
on our findings, removal of Fe and Mn ions can be a sound 
strategy to mitigate irrecoverable fouling resulted in the 
IWPP.

Fig. 10  Schematic diagrams of 
two hypothesized mechanisms 
of membrane fouling caused by 
Fe and Mn oxide particulates

(a) Fe and Mn totally oxidized (b) Fe and Mn not totally oxidized

Table 5  Standard electrode potentials for reduction half-reactions 
(Stumm and Morgan 1996)

* α-FeOOH: goethite; #α-Fe2O3: hematite

Reduction reaction Standard electrode 
potential,  E0 (V) at 
25℃

MnO2(s) +  4H+ +  2e− =  Mn2+ +  H2O 1.23
Fe3+ +  e− =  Fe2+ 0.77
α-FeOOH(s)

* +  3H+ +  e− =  Fe2+ +  2H2O 0.67
1/2α-Fe2O3(s)

# +  3H+ +  e− =  Fe2+ + 3/2H2O 0.66
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