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a b s t r a c t 
This study was to fractionate natural organic matter (NOM) and evaluate the fouling potentials of 
its components in a pilot-scale microfiltration process. NOM in the feed water was fractionated into 
strongly hydrophobic acids (SHA), weakly hydrophobic acids (WHA), charged hydrophilic acids and 
neutral hydrophilic acids (NEU) fractions by resin adsorption; each fraction was then subdivided into 
low molecular weight (<1 kDa; LMW), medium molecular weight (1–10 kDa; MMW) and high molec-
ular weight (10–104 kDa; HMW) components via high-performance size exclusion chromatography 
coupled with peak-fitting. Principal component analysis and Pearson correlation analysis demon-
strated that hydraulically irreversible fouling index significantly correlated to NEU–MMW (R2 = 0.787, 
p value = 0.001), SHA–LMW (R2 = 0.927, p value < 0.0001) and WHA–LMW (R2 = 0.899, p value < 0.0001). 
Fouling control strategy should be targeted at removing these foulants.
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1. Introduction

Low-pressure membrane (LPM) filtration in sur-
face water treatment has achieved enormous develop-
ment in the past decades. However, membrane fouling, 
especially hydraulically irreversible fouling (HIF) is still 
a huge  obstacle for the application of membrane as it 
decreases productivity, increases energy consumption 
and reduces membrane life span [1]. To settle the mem-
brane fouling issues, many pre-treatment techniques, such 
as pre-coagulation, pre-adsorption, pre-oxidation and 
pre-filtration, have been developed and evaluated [2,3], 
which offered more options of improving membrane per-
formance. Meanwhile, a fundamental knowledge of the 

potential irreversible foulants and their fouling mecha-
nisms is essential in order to select a suitable pre-treatment 
technique. Researchers have long been devoted to the rele-
vant foulants, such as colloidal organics, humic substances 
(HS), biopolymer (BP), polysaccharide (PS), proteins 
(PN), etc. [1,4–7]. Improvements in analytical techniques 
make it possible to characterize natural organic matter 
(NOM) more efficiently, among which resin adsorption 
fractionation and high-performance size exclusion chro-
matography (HPSEC) are the most optimistic measure-
ments  available for the determination of organic fractions 
in surface water. Via DAX-8/XAD-4/IRA-958 adsorbent 
resins, NOM could be fractionated into strongly hydro-
phobic acids (SHA), weakly hydrophobic acids (WHA), 
charged hydrophilic acids (CHA) and neutral hydrophilic 
acids (NEU) fractions [8]. The molecular weight (MW) 
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distribution of NOM such as low MW (LMW) neutrals, 
LMW acids, building blocks, HS and BP could be identi-
fied and isolated by HPSEC in conjunction with a relatively 
new technique named peak-fitting [9–11]. Based on these 
analytical technologies, hydrophobic fractions (e.g., humic 
acid) [12], hydrophilic fractions [13], hydrophobic and 
hydrophilic compounds [14], SHA and NEU fractions [15], 
LMW compounds [16], macromolecules BP fractions [17] 
and PS-like organic matters [18] were all once believed to 
be responsible for irreversible fouling. In those researches, 
there were obviously contradictory results on the main 
foulants, which may be explained by: (1) NOM is complex, 
various and unstable, and thus difficult to control and 
predict; (2) the constituents of NOM were generally clas-
sified by adsorbent resins or HPSEC in previous studies; 
however, limited studies subdivided NOM into different 
components with a combination of these two methods; and 
(3) some results for observing irreversible fouling were 
obtained based on bench-scale/short-time experiments, 
which were not so persuasive and could not truly repre-
sent the pilot-/full-scale and long-time operation.

The objective of this study was, therefore, to fractionate 
NOM by resin adsorption in conjunction with HPSEC and 
identify critical MW range and hydrophobicity of NOM 
that was responsible for HIF during long-time operating of 
a pilot-scale microfiltration (MF) process for surface water 
treatment. NOM of water samples were fractionated into 
different hydrophilic/hydrophobic fractions by resin adsorp-
tion, and each fraction was further subdivided into different 
MW components via HPSEC coupled with peak-fitting. The 
results were expected to give practical suggestions for select-
ing suitable strategy to predict and control HIF during the 
MF process.

2. Materials and methods

2.1. MF operation and chemical cleaning

The pilot experiments were conducted in Chongshan 
Water Plant located in Wuxi City. The raw water sample was 
collected from Taihu Lake, with the elementary parameters 
for source water qualities listed in Table S1.

The raw water samples were filtrated through 300 μm 
screens to remove large suspended matters before entering the 
pre-treatment tank where pre-treatment was performed by 
dosing polyaluminium chloride (PACl), powdered activated 
carbon (PAC) and potassium permanganate (KMnO4) there, 
allowing mixing and sedimentation by slope plate. The dos-
ing of pre-treatments is illustrated in Table S2. Polyvinylidene 
fluoride hollow fiber MF membrane (pore size 0.1 μm; filtra-
tion area 20 m2; Dow Corporation) was used in this study 
to filtrate the pre-treated water. The submerged membrane 
module was operated in a dead-end, constant-flow filtration 
mode with a fixed permeation flux of 50 L/m2/h (LMH). Each 
filtration cycle lasted 30 min, including 2 min of filling water, 
25 min of filtrating at 50 LMH, 2 min of hydraulically back-
washing by air scrubbing in a flow rate of 1 m3/h and water 
washing in a flow rate of 2.25 m3/h, 1 min of water draining.

When the TMP value reached the limit of 0.07 MPa, 
chemical cleaning was conducted to remove the irreversible 
foulants. There were totally 10 chemical cycles in the name 

of I–X. Alkaline agents (sodium hypochlorite, 0.2 wt% and 
sodium hydroxide, 0.2 wt%) and acidic agent (hydrochloric 
acid, 0.4 wt%) were prepared to successively clean fouled 
membranes.

2.2. Hydraulically irreversible fouling index

Fouling index was adopted for fouling evaluation. As 
expounded in relevant literature [19,20], hydraulically irre-
versible fouling index (HIFI) can be determined for multiple 
hydraulic cleaning cycles between two chemical cleanings. 
Briefly, HIFI could be calculated by using Eq. (1):

1 1
J

V
s

sHIFI
 ′

= + ×  (1)

where Js′ is the normalized specific flux defined as Js′ = J/J0; 
J0 is the initial flux for filtering DI water (LMH/bar); J is the 
specific flux for filtering feed water sample with hydraulic 
cleaning (LMH/bar); HIFI is the hydraulically irreversible 
fouling index (m2/L); Vs is the specific volume of the perme-
ate (L/m2).

2.3. Fractionation and HPSEC with peak-fitting

NOM of water samples were isolated into SHA, WHA, 
CHA and NEU by adsorbent resins (Supelite DAX-8, 
Amberlite XAD-4 and Amberlite IRA-958) according to the 
previous method [21].

MW distribution of dissolved organic carbon (DOC) was 
characterized by HPSEC system (Waters e2695, USA; UV254 
detector, Waters 2489, USA; total organic carbon (TOC) 
analyzer, Sievers 900 Turbo, USA). The column consisted 
of methyl acrylate copolymer (TSKgel G3000PWXL) with a 
size of 0.78 cm × 30 cm. The pre-column was a TSKgel guard 
column PWXL (0.6 cm× 4.0 cm). Polystyrene sulfonate (PSS) 
materials with MWs of 3.6 kDa, 4.3 kDa, 6.8 kDa, 15.4 kDa 
and 31 kDa were used as a standard MW substance. As the 
PSS materials did not contain a LMW, polyethylene glycols 
(PEGs) with MWs of 0.21 and 1.4 kDa were used as the stan-
dard LMW substances. The whole detection took 35 min in 
total. Therefore, the MW distribution of the water samples 
could be calculated according to the emerging time of their 
peaks. The MW distribution of the raw water samples is pre-
sented in Fig. 1. Three distinct peaks (in terms of the TOC 
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Fig. 1. Determination of source water by HPSEC–TOC 
chromatogram with peak-fitting.
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response) were observed: high MW (HMW), medium MW 
(MMW) and LMW with MW range of 104–107 kDa, 1–10 kDa 
and <1 kDa, respectively. LMW and MMW showed remark-
able TOC response, manifesting their domination in the raw 
water composition. In contrast, a weak TOC response of 
HMW suggested its small content in the raw water sample. 
It was reported that LMW, MMW and HMW were related 
to LMW acids and neutrals, HS matters including fulvic-/
humic-acid-like substances, and BP such as PN and PS, 
respectively [10,11,16,22]. A peak-fitting software (Version 
4.12, Systat Software Inc., USA) was used in chromatogram 
analysis to distinguish the overlapping peaks and to inte-
grate the peak areas according to the method explained by 
Lai et al. [11]. Based on these data, the MW distribution in 
the raw water sample was separated into three peaks by 
peak-fitting.

2.4. Analytical methods

Turbidity was measured using a Turbidimeter (2100N, 
Hach, USA). Chemical oxygen demand (CODMn) was ana-
lyzed according to the Chinese State Environmental Protection 
Agency Standard Methods. UV254 of the water samples were 
determined by a UV-Vis spectrophotometer (Hach DR5000, 
USA). DOC was measured by a TOC analyzer (Shimadzu TOC-
L, Japan). The PS were measured based on the phenol-sulfuric 
acid method with glucose as the standard matter [23]. The 
lowest limit of the detection is 1.0 mg/L. Principal component 
analysis (PCA) and Pearson correlation analysis were adopted 
via the XLSTAT2015 software to expound the relationship of 
HIFI in association with these subdivided components.

3. Results and discussion

3.1. MF performance and HIFI

The changes of the TMP value during MF of surface 
water are depicted in Fig. 2. As a constant membrane flux 
was maintained, TMP increased with the extension of the 
operating time. When the TMP reached the limiting value of 
0.07 MPa, chemical cleaning was conducted to remove the 
irreversible foulants. The HIFIs were determined using the 

operational performance data from the 10 successive filtra-
tion cycles. Table 1 presents the HIFI results for this study. 
As the cycle repeated, the HIFI value changed in an irregular 
manner, probably related to the pre-treatments and the char-
acteristics of the feed water sample.

Pre-treatment would reduce membrane fouling due 
to the removal of NOM, thus resulting in prolonged mem-
brane life span and induced long-term performance. Different 
pre-treatment techniques such as coagulation [24,25], oxida-
tion [26–28] and adsorption [2,29–31] before LPM filtration 
have been widely used to mitigate membrane fouling for 
drinking water treatment. In this study, hybrid pre- treatment 
reagents, i.e., PACl, PAC and KMnO4, were dosed into reac-
tion tank, with their respective effect to remove NOM listed 
in Table 1. The coagulation technology is the traditional 
water treatment technology, which has been widely used in 
the water treatment field because of its low cost and easy to 
operate [32]. The TOC removal efficiency was increasing with 
the addition of PACl from cycle I to cycle IV. However, HIFI 
was not decreasing with the increasing dosage of PACl, indi-
cating that the addition of PACl coagulation could not pos-
itively mitigate irreversible fouling. Nevertheless, the HIFI 
was obviously decreased when the oxidizing agent of KMnO4 
was added from cycle V. That is, KMnO4 pre-oxidation had a 
better effect for the control of irreversible fouling. Through 
oxidation, macromolecular organics could be oxidized into 
small molecules and small molecules into inorganic matters 
[2]. Compared with those without KMnO4 addition, pre-treat-
ments with KMnO4 could increase the removal efficiency of 
NOM and radically reduce membrane fouling from cycle V 
to cycle X (except the cycle VI). The combined technology of 
PAC–LPM is considered as the “crystal technology” in the 
membrane water treatment field [32]. In this study, when 
PACl and KMnO4 maintained constant dosages of 40 and  
1 mg/L, respectively, the TOC removal efficiency was increas-
ing from 56.4% to 65.2% as the dosing of PAC increased from 
10 mg/L(cycle VI) to 20 mg/L (cycle V), yet the TOC removal 
efficiency was not increasing too much when the dosing 
was extended to 30 mg/L (cycle VIII) and 40 mg/L (cycle X). 
Nevertheless, PAC had a positive effect for alleviating irre-
versible fouling since the HIFI was decreased from 0.326 to 
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Fig. 2. TMP changes during MF of surface water with chemical 
cleaning cycles from I to X.

Table 1 
Removal efficiency of pre-treatments and HIFI values of MF 
process for surface water treatment

Cycle TOC removal efficiency 
by pre-treatments, %

HIFI R2

I 53.2 0.294 0.992
II 59.8 0.578 0.979
III 60.8 0.633 0.967
IV 61.3 0.450 0.988
V 65.2 0.250 0.971
VI 56.4 0.326 0.975
VII 64.7 0.121 0.985
VIII 63.2 0.143 0.968
IX 64.5 0.122 0.988
X 63.8 0.187 0.974
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0.143 (cycle VIII) and 0.187 (cycle X). This result is unsurpris-
ing, because TOC content is only a measurement of the total 
amount of DOM and thus cannot provide any quantitative 
or qualitative information concerning its fractions. In our 
previous research, we found that PAC could mitigate mem-
brane fouling by reducing the foulants, especially the “LMW 
fractions”, approach to the membrane surface and pores [33]. 
Since the pre-treatments were not the main topic of this study, 
we simply illustrated its performance for NOM removal and 
HIFI control.

3.2. Subdivision of NOM 

Source water sample was fractionated by resin adsorption, 
and the result is shown in Fig. 3, from which large quanti-
ties of NEU and SHA fractions could be observed, while the 
WHA and CHA fractions accounted for a small portion.

Fractionation in conjunction with HPSEC was applied to 
subdivide each fraction of the NOM into LMW, HMW and 
HMW components, as shown in Figs. 4 and 5.

• HMW: This component was not responding in the UV254 
(Fig. 4) but showed weak response in the TOC (Fig. 5). 
This fraction was related to BP such as colloid, PS, and 
PN according to the previous researches [11,22]. There 
were only two peaks emerging in the HPSEC–TOC 
chromatogram, which was defined as NEU–HMW and 
SHA–HMW, respectively.

Fig. 3. Fractionation of source water by adsorbent resins.
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Fig. 4. HPSEC–UV254 chromatogram of isolated fractions.
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• MMW: The MMW namely SHA–MMW, WHA–MMW 
and CHA–MMW exhibited strong absorption of both 
TOC and UV254, indicating that aromatic compounds 
(unsaturated carbon) such as humic acid, fulvic acid and 
tannin acid, were the main components [21,22]. In con-
trast, the components of NEU–MMW had a strong TOC 
response but a very weak UV254 response, probably 
because NEU contained too much PS-like organics with 
no UV254 absorbance. We also determined the content of 
PS in each fraction and found that NEU contained more 
than half of the total PS substances (Fig. S1).

• LMW: This component was associated with LMW 
humics, LMW acids and LMW neutrals based on rele-
vant reports [11,22,33]. In HPSEC–TOC chromatogram, 
the hydrophobic fractions namely SHA–LMW and 
WHA–LMW exhibited a weaker TOC signal than hydro-
philic fractions, which was assigned as NEU–LMW and 
CHA–LMW. That is to say, LMW was mainly made up of 
hydrophilic fractions, especially NEU–LMW (Fig. 5). This 
fraction was associated with acidic PS, carboxylic acids, 
amino acids, carboxyl, ester and amide carbon, which 
were identified through 13C nuclear magnetic resonance 
(13C NMR) in the study of Wong et al. [8].

3.3. Correlation of HIFI with NOM components

An attempt was made to evaluate the HIFI in relation to 
water components. First, the content of the subdivided frac-
tions in feed water sample were calculated (Table S3), and 
then PCA and Pearson correlation analysis were employed 
to match the subdivided components with HIFI, as shown in 
Fig. 6 and Table 2.

Humic- and fulvic-acid-like substances have long been 
believed to be one of the major fouling components in mem-
brane performance, and many efforts have been made to 
assess its fouling behavior [7,34–36]. In this study, significant 
correlations were not observed between HS (MW > 1 kDa) in 
the feed water sample and HIF for the MF membrane. The 
values of R2 were 0.118 (p value = 0.331) and 0.296 (p value = 
0.104) for SHA–MMW vs. HIFI, and WHA–MMW vs. HIFI, 

respectively. These results implied that HS (MW > 1 kDa) 
were not critical in the evolution of HIF, but the SHA–LMW 
and WHA–LMW components clustered together with the 
HIFI instead (Fig. 6) for remarkable positive correlations 
were found between HIFI and SHA–LMW (R2 = 0.927, 
p value < 0.0001), and HIFI and WHA–LMW (R2 = 0.899, 
p value < 0.0001). SHA and WHA were associated with ali-
phatic species, aromatic compounds, unsaturated carbon, 
phenolic, etc. [8]. This result revealed that hydrophobic LMW 
components (SHA–LMW and WHA–LMW) had a high foul-
ing potential. Since the size of these molecules were consider-
ably smaller than the nominal pore size of the MF  membrane 
(0.1 μm), hydrophobic interaction [36] and electrostatic inter-
action [37] were the possible explanations for the linking 
between hydrophobic small NOM and membrane fouling.

Correlation between the hydrophilic component of NOM 
and HIF was investigated. Unexpectedly, NEU–HMW was 
discriminated by PAC and located at the opposite direction, 
highlighting the lowest fouling potential; furthermore, poor 
correlation between NWU–HMW and HIFI was observed 
(R2 = 0.196, p value = 0.199), indicating the insignificant con-
tribution of the NEU–HMW of NOM to the evolution of HIF. 
These results differed from previous studies where macro-
molecules BP fractions (i.e., PS and PN) were mainly respon-
sible for irreversible membrane fouling [17]. In addition, HIFI 
has very weak correlation to hydrophilic small MW, i.e., NEU–
LMW (R2 = 0.005) and CHA–LMW (R2 = 0.150), respectively. 
In previous studies, some scholars found that the character-
istics rather than the amount of BP were more important for 
irreversible fouling [5]; the quantity of PS could not explain 
the variations in the fouling but the quality of PS mattered 
[38]. In other words, it is the nature rather than the amount of 
the BP that induced HIF. The size of hydrophilic small MW 
(NEU–LMW and CHA–LMW) was <1 kDa, and the hydro-
dynamic size of organic molecules with an MW of 1 kDa was 
approximately 1 nm according to previous method [39,40]; 
thus, these organic molecules could easily pass through the 
membrane pores during MF process as their size was much 
smaller than the pore size of the membrane (0.1 μm). As to 
the hydrophilic macro MW (NEU–HMW), the peak value of 
the MW was up to 1,000 kDa (Fig. 5), which may be retained 
by MF membrane and washed out by hydraulic backwash. 
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Fig. 6. PCA of HIFI with subdivided fractions in feed water.

Table 2
Pearson correlation results between HIFI and subdivided fraction

Variable R2 p

NEU–LMW 0.005 0.848
NEU–MMW 0.787 0.001
NEU–HMW 0.196 0.199
SHA–LMW 0.927 <0.0001
SHA–MMW 0.118 0.331
SHA–HMW 0.029 0.641
WHA–LMW 0.899 <0.0001
WHA–MMW 0.296 0.104
CHA–LMW 0.150 0.269
CHA–MMW 0.213 0.180

Note: Values in bold  with a significance level alpha < 0.05.
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In contrast, a strong correlation was observed between HIFI 
and NEU–MMW (R2 = 0.787, p value = 0.001), likely due to the 
fact that the adsorption of small molecules, i.e., SHA–LMW 
and WHA–LMW, onto pore channels minified the pore 
size, which facilitated NEU–MMW to plug the pores (i.e., 
irreversible fouling), or the adsorbed small MW substances 
could work as the “glue” to capture the NEU–MMW on/in 
membranes conditioned by the hydrophobic components 
[14]. In addition, very poor correlation existed between HIFI 
and CHA–MMW (R2 = 0.213, p value = 0.180). This could be 
ascribed to the small amount of PS in CHA led to less fouling 
than NEU (Fig. S2). Based on the above analysis, the reasons 
for the HIF are believed to be the narrowing of the membrane 
pores by SHA–LMW and WHA–LMW components and the 
blocking of the narrowed pores by NEU–MMW components. 
It must be pointed out that these results were taken as “con-
vincing”, considering that the investigation was performed 
from summer (July) to winter (December) and that signifi-
cant seasonal changes in water qualities occurred. Given that 
SHA–LMW, WHA–LMW and NEU–MMW were expected to 
be the main membrane foulants for the water of this source, 
it was logical to speculate that the concentrations of these 
components should be high in chemical cleaning solutions. 
In order to further testify this conclusion, irreversible fou-
lants were extracted via acidic and alkaline cleaning anal-
ysis. Fractionation of these foulants showed that NEU and 
SHA were predominant irrespective of the different clean-
ing agents (Fig. S2). HPSEC determination of the foulants 
revealed that LMW and MMW components were prevalently 
involved in the irreversible foulants (Fig. S3). The results 
from the fractionation, in conjunction with HPSEC, further 
confirmed the conclusion obtained above.

It was reported that inorganic particles could aggravate 
membrane fouling [41]. An attempt was therefore made to 
evaluate the fouling potential in relation to inorganic parti-
cles, and the result was shown in Fig. S4. No obvious cor-
relation was observed between HIFI and turbidity. This was 
expected since inorganic particles were mainly responsible 
for reversible fouling rather than irreversible fouling [1,42,43].

4. Conclusion

In this study, a pilot-scale MF process was performed for 
surface water treatment. Source water sample was subdivided 
into different components via resin adsorption and HPSEC 
with peak-fitting. PCA and Pearson correlation analysis were 
employed to correlate the subdivided components with HIFI. 
It was found that NEU–MMW, SHA–LMW and SHA–LMW 
in the feed water sample were largely responsible for HIF. The 
results were useful and meaningful because on the one hand, 
the identification of foulants could be used as a useful indi-
cator for predicting HIF; on the other hand, fouling control 
strategy should be targeted at removing these foulants.

Acknowledgments

This research was financially supported by the National 
Water Pollution Control and Treatment Key Technologies 
R&D Program (No. 2012ZX07403 – 001). The authors also 
thank the support of the National Natural Science Foundation 
of China (No. 51308131).

References
[1] S. Peldszus, C. Hallé, R.H. Peiris, M. Hamouda, X. Jin, R.L. 

Legge, H. Budman, C. Moresoli, P.M. Huck, Reversible and 
irreversible low-pressure membrane foulants in drinking water 
treatment: identification by principal component analysis of 
fluorescence EEM and mitigation by biofiltration pretreatment, 
Water Res., 45 (2011) 5161–5170.

[2] H. Huang, K. Schwab, J.G. Jacangelo, Pretreatment for low 
pressure membranes in water treatment: a review, Environ. Sci. 
Technol., 43 (2009) 3011–3019.

[3] W. Gao, H. Liang, J. Ma, M. Han, Z.-l. Chen, Z.-s. Han, G.-b. 
Li, Membrane fouling control in ultrafiltration technology for 
drinking water production: a review, Desalination, 272 (2011) 1–8.

[4] E. Filloux, J. Labanowski, J.-P. Croue, Understanding the fouling 
of UF/MF hollow fibres of biologically treated wastewaters 
using advanced EfOM characterization and statistical tools, 
Bioresour. Technol., 118 (2012) 460–468.

[5] P.M. Huck, S. Peldszus, J. Haberkamp, M. Jekel, Assessing 
the performance of biological filtration as pretreatment to low 
pressure membranes for drinking water, Environ. Sci. Technol., 
43 (2009) 3878–3884.

[6] J.-y. Tian, M. Ernst, F. Cui, M. Jekel, Correlations of relevant 
membrane foulants with UF membrane fouling in different 
waters, Water Res., 47 (2013) 1218–1228.

[7] H. Wang, F. Qu, A. Ding, H. Liang, R. Jia, K. Li, L. Bai, H. 
Chang, G. Li, Combined effects of PAC adsorption and in 
situ chlorination on membrane fouling in a pilot-scale 
coagulation and ultrafiltration process, Chem. Eng. J., 283 
(2016) 1374–1383.

[8] S. Wong, J.V. Hanna, S. King, T.J. Carroll, R.J. Eldridge, D.R. 
Dixon, B.A. Bolto, S. Hesse, G. Abbt-Braun, F.H. Frimmel, 
Fractionation of natural organic matter in drinking water and 
characterization by 13C cross-polarization magic-angle spinning 
NMR spectroscopy and size exclusion chromatography, 
Environ. Sci. Technol., 36 (2002) 3497–3503.

[9] C.W. Chow, R. Fabris, J.v. Leeuwen, D. Wang, M. Drikas, 
Assessing natural organic matter treatability using high 
performance size exclusion chromatography, Environ. Sci. 
Technol., 42 (2008) 6683–6689.

[10] L. Xing, R. Fabris, C.W. Chow, J. van Leeuwen, M. Drikas, 
D. Wang, Prediction of DOM removal of low specific UV 
absorbance surface waters using HPSEC combined with peak 
fitting, J. Environ. Sci., 24 (2012) 1174–1180.

[11] C.-H. Lai, Y.-C. Chou, H.-H. Yeh, Assessing the interaction 
effects of coagulation pretreatment and membrane material on 
UF fouling control using HPSEC combined with peak-fitting, J. 
Membr. Sci., 474 (2015) 207–214.

[12] D. Jermann, W. Pronk, S. Meylan, M. Boller, Interplay of 
different NOM fouling mechanisms during ultrafiltration for 
drinking water production, Water Res., 41 (2007) 1713–1722.

[13] K. Kimura, H. Yamamura, Y. Watanabe, Irreversible fouling in 
MF/UF membranes caused by natural organic matters (NOMs) 
isolated from different origins, Sep. Sci. Technol., 41 (2006) 
1331–1344.

[14] H. Yamamura, K. Kimura, Y. Watanabe, Mechanism involved in 
the evolution of physically irreversible fouling in microfiltration 
and ultrafiltration membranes used for drinking water 
treatment, Environ. Sci. Technol., 41 (2007) 6789–6794.

[15] W. Huang, H. Chu, B. Dong, M. Hu, Y. Yu, A membrane 
combined process to cope with algae blooms in water, 
Desalination, 355 (2015) 99–109.

[16] C. Ayache, M. Pidou, J. Croué, J. Labanowski, Y. Poussade, 
A. Tazi-Pain, J. Keller, W. Gernjak, Impact of effluent organic 
matter on low-pressure membrane fouling in tertiary treatment, 
Water Res., 47 (2013) 2633–2642.

[17] H. Yamamura, K. Okimoto, K. Kimura, Y. Watanabe, Hydrophilic 
fraction of natural organic matter causing irreversible fouling 
of microfiltration and ultrafiltration membranes, Water Res., 54 
(2014) 123–136.

[18] K. Kimura, Y. Hane, Y. Watanabe, G. Amy, N. Ohkuma, 
Irreversible membrane fouling during ultrafiltration of surface 
water, Water Res., 38 (2004) 3431–3441.



93J. Liu et al. / Desalination and Water Treatment 74 (2017) 87–95

[19] A.H. Nguyen, J.E. Tobiason, K.J. Howe, Fouling indices for 
low pressure hollow fiber membrane performance assessment, 
Water Res., 45 (2011) 2627–2637.

[20] M. Zupančič, D. Novak, J. Diaci, I. Golobič, An evaluation of 
industrial ultrafiltration systems for surface water using fouling 
indices as a performance indicator, Desalination, 344 (2014) 
321–328.

[21] J. Liu, H. Chu, B. Dong, J. Wang, Y. Sheng, H. He, Effect of PACs 
pretreatment on UF performance for NOM removal, Desal. 
Wat. Treat., 52 (2014) 6878–6885.

[22] S.A. Huber, A. Balz, M. Abert, W. Pronk, Characterisation 
of aquatic humic and non-humic matter with size-exclusion 
chromatography–organic carbon detection–organic nitrogen 
detection (LC-OCD-OND), Water Res., 45 (2011) 879–885.

[23] M. Dubois, K.A. Gilles, J.K. Hamilton, P.t. Rebers, F. Smith, 
Colorimetric method for determination of sugars and related 
substances, Anal. Chem., 28 (1956) 350–356.

[24] R. Peiris, M. Jaklewicz, H. Budman, R. Legge, C. Moresoli, 
Assessing the role of feed water constituents in irreversible 
membrane fouling of pilot-scale ultrafiltration drinking water 
treatment systems, Water Res., 47 (2013) 3364–3374.

[25] K. Kimura, K. Tanaka, Y. Watanabe, Microfiltration of different 
surface waters with/without coagulation: clear correlations 
between membrane fouling and hydrophilic biopolymers, 
Water Res., 49 (2014) 434–443.

[26] J.P. Chen, S. Kim, Y. Ting, Optimization of membrane physical 
and chemical cleaning by a statistically designed approach, J. 
Membr. Sci., 219 (2003) 27–45.

[27] W. Yu, N.J. Graham, G.D. Fowler, Coagulation and oxidation 
for controlling ultrafiltration membrane fouling in drinking 
water treatment: application of ozone at low dose in submerged 
membrane tank, Water Res., 95 (2016) 1–10.

[28] W. Yu, L. Xu, N. Graham, J. Qu, Pre-treatment for ultrafiltration: 
effect of pre-chlorination on membrane fouling, Sci. Rep., 4 
(2014) 6513.

[29] J. Haberkamp, A.S. Ruhl, M. Ernst, M. Jekel, Impact of 
coagulation and adsorption on DOC fractions of secondary 
effluent and resulting fouling behaviour in ultrafiltration, 
Water Res., 41 (2007) 3794–3802.

[30] Y. Matsui, H. Hasegawa, K. Ohno, T. Matsushita, S. Mima, Y. 
Kawase, T. Aizawa, Effects of super-powdered activated carbon 
pretreatment on coagulation and trans-membrane pressure 
buildup during microfiltration, Water Res., 43 (2009) 5160–5170.

[31] X.J. Gai, H.S. Kim, The role of powdered activated carbon in 
enhancing the performance of membrane systems for water 
treatment, Desalination, 225 (2008) 288–300.

[32] W. Sun, J. Liu, H. Chu, B. Dong, Pretreatment and membrane 
hydrophilic modification to reduce membrane fouling, 
Membranes, 3 (2013) 226–241.

[33] J. Liu, Z. Wang, B. Dong, D. Zhao, Fouling behaviors correlating 
to water characteristics during the ultrafiltration of micro-
polluted water with and without the addition of powdered 
activated carbon, Colloids Surf., A, 511 (2016) 320–328.

[34] Y. Hao, A. Moriya, T. Maruyama, Y. Ohmukai, H. Matsuyama, 
Effect of metal ions on humic acid fouling of hollow fiber 
ultrafiltration membrane, J. Membr. Sci., 376 (2011) 247–253.

[35] I. Sutzkover-Gutman, D. Hasson, R. Semiat, Humic substances 
fouling in ultrafiltration processes, Desalination, 261 (2010) 
218–231.

[36] W. Yuan, A.L. Zydney, Humic acid fouling during 
microfiltration, J. Membr. Sci., 157 (1999) 1–12.

[37] Q. Li, M. Elimelech, Organic fouling and chemical cleaning of 
nanofiltration membranes: measurements and mechanisms, 
Environ. Sci. Technol., 38 (2004) 4683–4693.

[38] K. Kimura, I. Tanaka, S.-I. Nishimura, R. Miyoshi, T. Miyoshi, 
Y. Watanabe, Further examination of polysaccharides 
causing membrane fouling in membrane bioreactors (MBRs): 
application of lectin affinity chromatography and MALDI-TOF/
MS, Water Res., 46 (2012) 5725–5734.

[39] K.J. Howe, M.M. Clark, Fouling of microfiltration and 
ultrafiltration membranes by natural waters, Environ. Sci. 
Technol., 36 (2002) 3571–3576.

[40] H. Huang, N. Lee, T. Young, A. Gary, J.C. Lozier, J.G. Jacangelo, 
Natural organic matter fouling of low-pressure, hollow-
fiber membranes: effects of NOM source and hydrodynamic 
conditions, Water Res., 41 (2007) 3823–3832.

[41] K.J. Hwang, C.Y. Liao, K.L. Tung, Analysis of particle fouling 
during microfiltration by use of blocking models, J. Membr. 
Sci., 287 (2007) 287–293.

[42] D. Jermann, W. Pronk, R. Kägi, M. Halbeisen, M. Boller, 
Influence of interactions between NOM and particles on UF 
fouling mechanisms, Water Res., 42 (2008) 3870–3878.

[43] R.H. Peiris, H. Budman, C. Moresoli, R.L. Legge, Understanding 
fouling behaviour of ultrafiltration membrane processes 
and natural water using principal component analysis of 
fluorescence excitation-emission matrices, J. Membr. Sci., 357 
(2010) 62–72.



J. Liu et al. / Desalination and Water Treatment 74 (2017) 87–9594

Supporting information
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Fig. S1. Proportion of PS of isolated fraction in source water.

Fig. S2. Fraction percentage of extracted foulants via chemical 
cleaning.
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Fig. S3. HPSEC–TOC chromatogram of extracted foulants via 
chemical cleaning.
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Fig. S4. HIFI vs. turbidity.

Table S1 
Source water qualities

Parameter Value 

Temperature (°C) 5.6–32.4
pH 7.19–8.83

Turbidity (NTU) 16.6–174

CODMn (mg/L) 5.41–14.2

UV254 (cm–1) 0.065–0.106

TOC (mg/L) 3.64–7.73

Table S2 
Dosing of pre-treatments prior to MF

Cycle Dosing of pre-treatments: 
(A) PACl + (B) PAC + (C) KMnO4 

I A 20 mg/L + B 20 mg/L 
II A 30 mg/L + B 20 mg/L 
III A 40 mg/L + B 20 mg/L 
IV A 50 mg/L + B 20 mg/L 
V A 40 mg/L + B 20 mg/L + C 1 mg/L 
VI A 40 mg/L + B 10 mg/L + C 1 mg/L 
VII A 30 mg/L + B 30 mg/L + C 1 mg/L 
VIII A 40 mg/L + B 30 mg/L + C 1 mg/L 
IX A 50 mg/L + B 40 mg/L + C 1 mg/L 
X A 40 mg/L + B 40 mg/L + C 1 mg/L 
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Table S3 
Contents of subdivided fractions in feed water

Component I II III IV V VI VII VIII IX X

NEU–LMW 0.04 0.12 0.07 0.13 0.31 0.31 0.09 0.16 0.07 0.10 
NEU–MMW 0.68 0.99 0.84 0.83 0.63 0.68 0.47 0.62 0.61 0.71 
NEU–HMW 0.07 0.06 0.07 0.03 0.02 0.07 0.08 0.15 0.08 0.12 
SHA–LMW 0.43 0.67 0.83 0.64 0.15 0.42 0.02 0.03 0.09 0.01 
SHA–MMW 0.39 0.24 0.44 0.24 0.90 1.10 0.31 0.75 0.51 0.67 
SHA–HMW 0.11 0.03 0.04 0.07 0.07 0.02 0.00 0.01 0.03 0.05 
WHA–LMW 0.17 0.26 0.38 0.22 0.05 0.07 0.04 0.03 0.02 0.02 
WHA–MMW 0.15 0.06 0.19 0.15 0.53 0.58 0.31 0.35 0.33 0.40 
CHA–LMW 0.27 0.55 0.70 0.26 0.36 0.61 0.66 0.25 0.36 0.33 
CHA–MMW 0.25 0.14 0.45 0.14 0.34 0.09 0.39 0.47 0.50 0.45 


