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a b s t r a c t
To learn about the characteristics of dissolved organic matters (DOM) in the surface water and 
identify the main foulants during the ultrafiltration (UF), the Ganjiang River was subjected to 
UF. Hydrophilicity and hydrophobicity, molecular weight distribution, and fluorescence charac-
teristics of the surface water in the Ganjiang River were studied. Classification results showed 
that the DOM of the Ganjiang River was mainly hydrophobic (HPO) and a neutral hydrophilic 
fraction (N-HPI), which accounted for 40.06% and 29.69%, respectively. However, the proportions 
of transphilic (TPI) and charged hydrophilic fraction (C-HPI) were 18.91% and 11.33%, respec-
tively. The fluorescence excitation-emission matrix illustrated that the Ganjiang River contained 
both humus-like organics and soluble microbial products with high response intensity and some 
protein-like organics which had weak response intensity. The membrane fouling test found HPO 
and N-HPI tended to cause a relatively large specific flux decrease, but a smaller degree of spe-
cific flux decline caused by TPI and C-HPI. The reversibility of membrane fouling revealed that 
HPO and N-HPI could easily cause irreversible fouling, while the TPI and C-HPI also contributed 
to irreversible fouling. The fitting results of the Hermia model indicated that standard blocking 
and cake filtration was the main membrane fouling mechanisms in the initial stage of filtration.

Keywords:  Dissolved organic matter; Hydrophilic and hydrophobic property; Molecular weight 
distribution; Fluorescence characteristics; Membrane fouling mechanism

1. Introduction

Ultrafiltration (UF) has been regarded as one of the 
important water purification technologies and increas-
ingly applied for water supply treatment recently due to 
its outstanding performance in particle, colloid and micro-
organism removal [1]. However, membrane fouling has 
always hindered the development of UF in water treatment. 
The prevention and mitigation of membrane fouling have 
been a hot topic in this field [2–8]. To alleviate membrane 
fouling, some strategies have been applied to the study of 
the mechanism of mitigating UF membrane fouling, such 
as ozone oxidation [1], powder carbon adsorption [6], 
and ultraviolet light oxidation [7]. For the different test 

subjects and conditions, the investigations that had led 
to the current mechanism of mitigating membrane foul-
ing were still widely debated. Therefore, it is necessary 
to further study the mechanism of membrane fouling.

Recently, many researchers had pointed out that the 
fouling mechanism of natural organic matter (NOM) 
during the UF was the most essential [9,10]. Previous stud-
ies concluded that NOM was mainly composed of humic 
substances (such as humic acids, fulvic acids, humins), 
and non-humic substances (such as sugars, proteins, 
amino acids, esters, etc., accounting for about 20%–40% of 
the total amount of NOM) [11,12]. The molecular weight 
(MW) distribution, hydrophilicity and hydrophobicity, 
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and fluorescence properties of NOM have an important 
influence on membrane fouling. When the above three 
characters were involved in previous findings, there were 
some different results and conclusions. In terms of MW 
distribution, the research by Tian et al. [13] showed that 
ultraviolet/persulfate (UV/PS) could reduce macromo-
lecular organic matter in Songhua River (especially MW 
distribution: 5~30 kDa, >100 kDa), which could effectively 
alleviate membrane fouling; Li et al. [6] found that most of 
the organic matter (about 95%) caused by UF membrane 
fouling in Songhua River was a small and medium mole-
cule organic matter, which MW was smaller than 30 kDa. 
In general, MW distribution was mainly related to steric 
hindrance, which in turn affects membrane fouling [1].

As for hydrophilicity and hydrophobicity, some con-
troversies existed in previous studies. In early researches, 
hydrophobic organic compounds rich in aromatic carbon 
and carboxyl groups were considered to be the major mem-
brane foulants [14–18]. Katsoufidou et al. [15] found that 
reducing the content of hydrophobic organic matter in 
water and increasing the content of hydrophilic organic 
compounds could mitigate membrane fouling. In recent 
years, hydrophilic fractions (such as polysaccharides 
and proteins) whose structure was rich in aliphatic car-
bon and hydroxyl groups gradually attracted the atten-
tion of membrane fouling researchers [5,8,19]. Although 
such substances were less in actual raw water, they might 
cause serious irreversible fouling. Yamamura et al.’s [8] 
research showed that the hydrophobic fractions did not 
increase membrane resistance, while the hydrophilic frac-
tions caused severe loss of membrane permeability. Most 
research speculated that the effect of hydrophilicity on 
the fouling of UF could be related to the interaction force 
between the foulants and the membrane surface [20–23].

Fluorescence properties of dissolved organic mat-
ter (DOM) have received increasing attention in various 
natural water [4,7,19,22]. In these contexts, the fate of flu-
orescent natural organic matter (FNOM) was depicted 
during the UF. Some studies suggested that humus-like 
substances could cause initial membrane fouling, and when 
protein-like substances were enriched in the membrane sur-
face, it determined membrane fouling behavior [19,24,25]. 
Other researchers thought that the synergistic fouling 
aggravated between the membrane and the FNOM [16]. 
At present, there is still no clear consensus on the contribu-
tion of FNOM fractions to membrane fouling. Therefore, it 
is important to study the fouling behavior of FNOM frac-
tions for the prediction and controlling of the UF membrane 
fouling. At the same time, the Hermia model was the most 
widely used in the study of membrane fouling mechanisms 
[2,4]. Many studies had used this model to fit the membrane 
flux data to find the main membrane fouling mechanism 
[26,27]. In view of the foregoing, it is meaningful for miti-
gating membrane fouling to learn about the characteristics 
of major foulants and the main mechanism responsible for 
membrane fouling.

As the largest river in Jiangxi Province, the Ganjiang 
River is an important source of water for many water plants. 
Although UF is rarely used in water plants in this region, 
mastering the characteristic of DOM in the Ganjiang River 
and understanding the main membrane fouling mechanism 

will play an important role in promoting the development 
of UF. On the other hand, currently, most of the mem-
brane fouling research was based on several simulated 
foulants, ignoring the comprehensive effects of various 
organic substances in natural water. Therefore, it is of great 
practical significance to carry out the membrane fouling 
test of natural water.

In this paper, the surface water of the Ganjiang River 
was used as the water samples to investigate characteristics 
of the DOM and the mechanisms of membrane fouling in 
particular: (1) the hydrophilicity and hydrophobicity, the 
MW distribution and the fluorescence properties of DOM; 
(2) the effect of hydrophilicity/hydrophobicity of DOM on 
membrane fouling and its removal; (3) identified the main 
membrane foulants by excitation-emission matrix (EEM) 
and attenuated total reflection Fourier-transform infrared 
spectrometer (ATR-FTIR) during the filtration; (4) based 
on the Hermia model to discuss the membrane fouling 
mechanism.

2. Materials and methods

2.1. Surface water

Surface water was collected from the Ganjiang River 
(located in Jiangxi Province of China). The main water 
qualities are summarized in Table 1. Due to the low con-
tent of DOM in the surface water, reverse osmosis (RO) was 
used to concentrate the dissolved organic carbon (DOC) 
into 20~30 mg L–1. Then, the concentrated sample was fil-
tered through the 0.45 µm membrane to remove the sus-
pended particles and stored at 4°C in a refrigerator for 
subsequent use.

2.2. Membrane and UF experiment

A commercial flat sheet UF membrane (Snape Tech, 
Shanghai, China) with a molecular weight cut-off (MWCO) 
of 50 kDa was employed in this study, which was made 
of polyvinylidene fluoride (PVDF). An effective mem-
brane area of this UF membrane was 38.5 cm2. To remove 
impurities and achieve a stable permeate flux, all virgin 
membranes were pre-soaked in Milli-Q water for at least 
48 h and stored at 4°C in a refrigerator for subsequent use.

All UF experiments were performed at room tempera-
ture (25°C ± 1°C). The UF unit can be found in Fig. 1. Dead-
end flow experiments were undertaken using flat sheet, 
90 mm diameter UF membranes in a stirred cell (SCM-300, 
Shanghai Institute of Applied Physics, China) with a con-
stant transmembrane pressure (0.1 MPa) under nitrogen 
gas. The electronic balance (ME3002TE/02, Mettler Toledo, 
Switzerland) with data acquisition function measured 
the mass of the filtered solution every 10 s and recorded 
it into the computer. Prefiltration was conducted before 
membrane fouling using ultrapure water until a constant 
permeate flux (J0) was achieved. A fresh membrane disk 
was used for each study. Every filtration experiment had 
two cycles, and 250 mL water samples were filtered in 
a cycle. At the end of the cycle, UF was backwashed with 
50 mL of ultrapure water and 100 mL of ultrapure water 
was filtered to get a final flux (Jf) (Qu et al. [11]).



55G. Feng et al. / Desalination and Water Treatment 238 (2021) 53–66

2.3. Analytical methods

2.3.1. Ion exchange resin

In the test, Supelite DAX-8, Amberlite XAD-4 adsorp-
tion resin and anion exchange resin Amberlite IRA-958 
produced by Sigma (USA) were used for the separation 
of hydrophilic and hydrophobic properties. According to 
Wong’s method [28], the water samples after RO concen-
tration were adjusted pH into 2 and filtered through DAX-
8, XAD-4 and (after neutralization to pH 8) IRA-958 suc-
cessively. Hydrophobic and hydrophilic substances were 
adsorbed on the resin. The remaining was considered as a 
neutral hydrophilic fraction (N-HPI). During elution, 0.1 M 
NaOH was used to elute the hydrophobic fractions from 
the DAX-8 and XAD-4 resins, the eluents were denoted as a 
hydrophobic fraction (HPO) and transphilic fraction (TPI), 
respectively; 1 M NaOH and 1 M NaCl were used to elute 
the negatively charged hydrophilic fraction (C-HPI), which 
adsorbed on IRA-958. Because pH influences the hydro-
phobicity of solution, prior to membrane fouling exper-
iments, all the samples were neutralized to pH 7.0 and 
the DOC was adjusted to about 5 mg L–1 with RO.

2.3.2. High-performance size-exclusion chromatography

Size exclusion chromatography with UV detection 
(SEC-UV254) was be used to detect the apparent MW distri-
bution of the sample waters after passing through a 0.45 µm 
membrane. Briefly introduced, a BIOSEP-SEC-S3000 col-
umn (Phenomenex, UK) (7.8 mm × 300 mm) was used to 
perform SEC and the mobile phase has adopted a solution 
of 10 mM sodium acetate (Aldrich, USA). Analysis using 
high-performance size exclusion chromatography was 
achieved by the high-performance liquid chromatography 
(Waters, USA) with a UV detector (2,489 UV detector, 
Waters) operated at 254 nm. The injection volume of 

water samples was 100 µL, and the flow rate was set at 
1 mL min–1 [29]. To clear any residual and wash out the col-
umn of any contaminants, the mobile phase was purged 
at a volumetric flow rate of 2 mL min–1 before operation. 
The MW distribution pattern was derived by calibra-
tion with polystyrene sulfonate (PSS) MW standards of 
1.37, 3.8, 6.71, 8.0, 8.6, 13.4 and 16.9 kDa [30].

2.3.3. Excitation-emission matrix

EEM was obtained using a fluorescence spectrome-
ter (F-4500, Hitachi, Japan). Excitation wavelength (Ex): 
220 ~ 450 nm, slit width: 5 nm, scanning interval: 10 nm; 
emission wavelength (Em): 250 ~ 550 nm, slit width: 5 nm, 
scanning interval: 10 nm, scanning speed was controlled to 
1,200 nm/min. The water samples needed to be pre-treated 
with a 0.45 µm membrane and its pH was adjusted to 
7.0 ± 0.1 before testing. The spectrum of Milli-Q water was 
recorded as the blank. Rayleigh and Raman scatter were 
eliminated through the interpolation method using Origin 
2018 (OriginLab, Inc., USA). According to the research of 
Chen et al. [31], the EEM fluorescent region was divided into 
five regions, which represented different organic matters.

2.3.4. Other analytical methods

The DOC concentrations were determined using a 
Shimadzu TOC-LCPN analyzer (Japan). Absorbance at 254 nm 
(UV254) was measured by a UV-Visible spectrophotometer 
(UV759). SUVA254 values were calculated by the ratio of UV254 
to DOC. Turbidity was measured by a turbidity meter (2100P, 
Hach, USA); pH was measured by a PHS-25 pH meter; con-
ductivity was measured by a lightning magnetic DDB-303A 
portable conductivity meter; zeta potential was measured 
with ZetaPlus (Brookhaven, USA). Functional groups on 
the surface of virgin and fouled membranes were examined 
using an attenuated total reflection Fourier-transform infra-
red spectrometer (ATR-FTIR, Spectrum Two, Perkin-Elmer, 
USA) to reduce the experimental error, all water quality 
indicators were measured in parallel three times, and the 
average value was taken.

2.4. Membrane fouling assessment

2.4.1. Membrane flux

Membrane flux can be calculated from Eq. (1):

J V
AT

=  (1)

where V is the filtration volume (mL); J is the membrane flux  
(m s–1); A is the effective area of the UF membrane 

Table 1
The main water qualities of surface water

Parameters pH Turbidity 
(NTU)

Conductivity 
(µS cm–1)

UV254 
(cm–1)

Ca2+ 
(mg L–1)

Mg2+ 
(mg L–1)

DOC 
(mg L–1)

SUVA 
(L mg–1 m–1)

Values 6.56 21.22 120.1 0.2067 12.19 2.10 4.824 3.03

Fig. 1. Schematics of the membrane filtration setup.
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(3.32 × 10–3 m2). Because membrane fouling is affected by 
many factors such as the membrane itself, the characteris-
tics of the filtered water sample, and operating conditions, 
the specific flux (J/J0) is usually used to describe the UF 
membrane fouling process, where J0 is the pure water flux.

2.4.2. Membrane fouling reversibility

Membrane fouling that can be eliminated by hydraulic 
backwash is called reversible fouling (RF); otherwise, 
it is called irreversible fouling (IF); the sum of the two is 
called total fouling (TF). Philippe and Schaumann et al. [12] 
thought that reversible, irreversible and total membrane 
fouling can be quantitatively calculated with reference to 
Eqs. (2)–(4).

TF =
−J J
J

f0

0

 (2)

IF =
−J J
J

0 1

0

 (3)

RF TF IF= −  (4)

To investigate the total membrane fouling, a 250 mL 
water sample was filtered through the membrane. The final 
permeate flux was designated as Jf. TF can be calculated by 
Eq. (2). According to Qu et al. [11] methods to calculate IF 
and RF, the fouled membrane was backwashed by invert-
ing the membrane in the cell and filtrating 50 mL ultrapure 
water. Then, the backwashed membrane was placed in its 
original orientation followed by 100 mL ultrapure water 
filtration. J1 was the average permeating flux during fil-
trating 100 mL ultrapure water. IF and RF were calculated 
by Eqs. (3) and (4), respectively. Each filtration contains 
two cycles, which are called 1T and 2T, respectively.

2.4.3. Hermia membrane fouling model

The Hermia model is often used to describe the differ-
ent membrane fouling stages of UF membranes. The models  

such as complete blocking; standard blocking; intermediate 
blocking; cake filtration. Based on the Hermia model, Shen 
et al. [32] used equations to describe the various pollution 
stages of the model, as shown in Table 2.

3. Results and discussion

3.1. Characteristics of DOM in the Ganjiang River

3.1.1. Hydrophilicity/hydrophobicity of DOM

The proportion of each fraction in the Ganjiang River 
(measured by DOC) is shown in Fig. 2a. It can be seen from 
Fig. 2a that there is a certain difference in the proportion of 
hydrophilic and hydrophobic organic matters in raw water. 
Among them, hydrophobic organic matter accounted for 
58.97%, and hydrophilic fraction accounted for 41.02%. The 
proportion of each fraction is: HPO > N-HPI > TPI > C-HPI. 
It indicates that the Ganjiang River is dominated by HPO 
and N-HPI, while the content of TPI and C-HPI are relatively 
low, and the proportion of hydrophobic fraction is slightly 
higher than a hydrophilic fraction.

SUVA is defined as the UV of the unit organic carbon, 
which can be calculated from SUVA = UV254/ DOC. It can 
reflect the degree of aromatic structure of organic matter, 
the larger the value, the higher the degree of aromatiza-
tion [8,22,33]. What’s more, it can also indirectly reflect 
the content of organic substances containing conjugated 
double bonds and benzene rings [33]. Fig. 2b shows that 
the SUVA of each fraction isolated from the surface water 
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Fig. 2. (a) The proportion of each fraction in the Ganjiang River and (b) SUVA of four fractions.

Table 2
Hermia model

Models Equations

Complete blocking J0 – J = AV
Standard blocking 1/t + B = J0/V
Intermediate blocking lnJ0 – lnJ = CV
Cake filtration 1/J – 1/J0 = DV

J: flux; J0: initial flux; V: filtration volume; t: filtration time; A, B, C 
and D are constants, respectively.
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of Ganjiang River. The relative magnitude of SUVA is: 
C-HPI [3.79 (L mg–1 m–1)] > HPO [2.34 (L mg–1 m–1)] > TPI 
[1.73 (L mg–1 m–1)] > N-HPI [0.70 (L mg–1 m–1)]. It is note-
worthy that C-HPI has the highest SUVA. That is 
inconsistent with the previous study by Yamamura et al. 
[8]. They reported that the higher value of SUVA could 
imply more hydrophobic organic matter. Nonetheless, 
Wong et al.’s [28] research showed that C-HPI was mainly 
comprised of the protein organic matters, which con-
tained a structure such as a benzene ring and could strongly 
absorb UV. This statement can support that why C-HPI 
owns the  highest SUVA. As for hydrophobic fraction, 
maybe more unsaturated carbons (>C=C<) exist in HPO, 
leading to higher SUVA, and TPI contains more carbonyl 
carbons (>C=O), which will also increase its SUVA. N-HPI 
has the lowest SUVA, indicating that this fraction con-
tains fewer organic compounds with characteristic struc-
tures such as conjugated double bonds and benzene rings, 
and this fraction may be mostly small molecular organic  
compounds [34].

3.1.2. MW distribution

Fig. 3 compares the MW distributions of surface water 
and raw water, in which the water sample diluted with 
total organic carbon to about 5 mg L–1 after RO concentration.

It can be seen from Fig. 3 that most peaks occur between 
1 and 10 kDa. This suggests that the MW of DOM in the 
Ganjiang River is mainly medium MW (1 ~ 10 kDa), and 
most of this organic matter is composed of humic acid 
and other hydrophobic organic matters that have a strong 
response to UV [1,35]. The surface water of the Ganjiang 
River has basically no response to large MW (>100 kDa), 
and the response to small MW (<1,000 Da) is also very 
weak. On the one hand, this may be due to the low content 
of large MW and small MW organic matter in the surface 
water; On the other hand, it may be that the UV detector 
is not responding to some hydrophilic organic substances 
[35,36]. Yu et al. [1] investigated the MW distribution of 
organic matter in the Hyde park water and obtained simi-
lar results, but the medium MW organic matter was mainly 
distributed in 1,000~5,000 Da, which was smaller than that 
in this study. For raw water, the response intensity at small 
and medium MW increased significantly. This shows that 
by RO concentration, the content of medium and small MW 
organic matter has enhanced, while the content of large 
MW organic matter has basically remained unchanged. 
It further indicates that the DOM of the Ganjiang River is 
mostly dominated by medium MW organic matters, and 
also contains a small amount of small MW organic matters.

3.1.3. Fluorescence properties

According to the method of Qu et al. [11] for EEM flu-
orescence spectra, the EEM fluorescence spectra of the 
Ganjiang River were divided into five regions, as shown 
in Table 3. Simultaneously, combining the summary of flu-
orescence peak positions by Guo et al. [37], it is helpful to 
further understand the fluorescence properties of DOM 
reflected by EEM. EEM fluorescence spectra of raw water 
and four fractions are illustrated in Fig. 4.

As is shown in Fig. 4, the response regions of organic 
matter to fluorescence in raw water mainly appear in 
III and V. It is easy to discover the obvious peaks at 
Ex245/Em420 and Ex320/Em420, which can be named 
as peak A and peak C, respectively. These two peaks are 
attributed to humic-like substances such as fulvic acid 
and humic acid by previous reports [3,4,22,37]. As stated 
by Henderson et al. [38], the predominant fluorescence for 
clean reservoirs and rivers was normally peak A and peak 
C. Meanwhile, there is also a certain fluorescence peak T 
in the IV region, but it is relatively weaker than the inten-
sities of peaks A and C. This indicts that in addition to the 
main humic acid and fulvic acid, there also contains some 
protein-like substances related to the metabolites of the 
soluble microorganisms in the raw water of the Ganjiang 
River. Liu et al. [22] also obtained a similar 3D fluorescence 
EEM of the Gaoyu Reservoir (GY), but there were some 
differences in Sanhaowu Lake (SHW) and Huangpujiang 
River (HPJ), which contained much more protein-like 
fluorophores. Because SHW water and HPJ water presented 
the heavier polluted than the GY water.

To further understand the main organic matters in 
each fraction after hydrophilic classification, this study 
continues to analyze the four fractions by EEM. As shown 
in Fig. 4, the HPO fraction has the highest fluorescence 
response intensities, while the other three fractions have 
comparable response intensities. At the same time, the 
response positions of the strongest fluorescence peaks in 
each fraction are different, indicating that there are differ-
ences in the types of organic matter in each fraction. In the 
HPO fraction, the strongest fluorescence peak appears in 
the transition region of the III and V regions, while in the 
TPI and C-HPI fractions, the strongest fluorescence peak 
appears in the III region. Comparatively, peak A which 
has different excitation and emission is dominant in the 
TPI fraction, it may explain that fulvic-like fluorophores 
are different from HPO and they are the richest in this 
fraction. It is worth noting that peak B and peak T in 
Em < 350 nm (the emission wavelength less than 350 nm) 
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Fig. 4. EEM fluorescence spectra of raw water and four fractions (DOC ≈ 5.0 mg L–1; pH = 7.0 ± 0.5; 25°C).

Table 3
Fluorescence region of dissolved organic matter

Region Excitation wavelength (nm) Emission wavelength (nm) Dissolved organic matter

I <250 <330 Aromatic protein (tyrosine)
II <250 250~380 Aromatic protein (tryptophan)
III <250 >380 Fulvic acid-like
IV >250 200~380 Soluble microbial by-product-like
V >250 >380 Humic acid-like
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are obvious in the TPI fraction, which was associated with 
protein-like substances such as tryptophan and tyrosine 
[11,39]. Previous reports pointed that hydrophobic frac-
tions have longer excitation and emission wavelengths than 
hydrophilic ones which were similar to this study [38–41]. 
Nonetheless, peak locations of fractions exist difference 
because of different classification methods of DOM.

Moreover, In the N-HPI fraction, the strongest fluo-
rescence peak appears near the junction of the IV and V 
regions, which implies some protein-like organic mat-
ters related to microbial metabolism and some humic/
fulvic-like organic matters that existed in this fraction. It 
is interesting to notice that the humic/fulvic-like fluoro-
phores’ locations are different from those in hydrophobic 
fractions. Compared with other fractions, the peak A and 
peak C’s emission wavelengths in N-HPI fractions are 
shorter than others. Wu et al. [40] and Liu et al. [22] also 
observed a similar phenomenon in their research. Many 
previous studies try to explain this phenomenon. Zhang et 
al. [41] believed that the blue shift of the fluorescence peak 
position was related to the decrease in the number of aro-
matic rings and molecular weight of organic compounds; 
Swietlik et al. [42] showed that the reduction of polar 
groups (such as amino, hydroxyl, carboxyl, etc.) in water 
could also cause the blue shift of the fluorescence peak. 
That is to say, the large aromatic molecules’ break-up or the 
decrease of aromatic rings in a chain structure may lead to 
the above phenomenon. Besides, Senesi [43] stated that the 
blue shift can also be caused by an elimination of particular 
functional groups such as carboxyl, hydroxyl and amine.

3.2. Membrane fouling and identification of major foulants

3.2.1. Specific flux

The flux decline with raw water and four fractions is 
shown in Fig. 5a. It can be observed that raw water and 
four fractions in flux behavior have a significant differ-
ence. Before the filtration volume comes about 110 mL, 

the flux of the HPO fraction drop most rapidly, followed 
by the N-HPI fraction, and the C-HPI fraction showed 
the least. When the filtration volume exceeded 110 mL, 
the flux declined quickly was raw water, followed by the 
N-HPI and HPO fractions, which had a similar flux decline. 
However, the TPI and C-HPI fractions always presented a 
slight flux decline. That is to say, both the HPO and N-HPI 
fractions contribute to fouling, but the TPI and C-HPI 
fractions for the fouling had a slight response. Additionally, 
for the second filtration cycle, each fraction had a more vis-
ible response to the flux decline. Since most of the mem-
brane fouling caused by N-HPI was IF, backwashing could 
not remove IF, so the specific flux attenuation of 1T was 
higher than 2T. The relative magnitude of specific flux is:  
C-HPI > TPI > N-HPI > HPO. This result is consistent with a 
previous study on MF fouling potential by different DOM 
fractions [22,44]. It is interesting to note that, for raw water, 
there is no synergistic increase in fouling, while the N-HPI 
and HPO fractions decrease more seriously than the flux in 
the initial stage of each cycle. This may be due to the prop-
erties (such as molecular weight, hydrophobicity) of each 
fraction is more concentrated compare with the raw water, 
which will cause more serious membrane pore blockage at 
the beginning of filtration. It can also be found from Fig. 5a 
that the specific flux curve of raw water is obviously differ-
ent from that of other fractions, and the end specific flux 
of the two cycles is the lowest, 0.76 and 0.63, respectively. 
It means that the membrane fouling caused by raw water 
is the most serious. According to the former researches, it 
can be attributed to the fact that raw water contains organic 
matter with different molecular weights and hydrophilic 
and hydrophobic properties. During the filtration, various 
fouling mechanisms such as adsorption, membrane pore 
blockage, electrostatic repulsion, hydrophobic force, and 
filter cake layer filtration could be induced [1,11,41,42,44].

Furthermore, previous studies had shown that the more 
hydrophobic organic matters, the larger MW; and the smaller 
MW, the stronger hydrophilicity, which implies the HPO 
fraction was composed of large MW organic matters [1,4].  
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At the same time, because the N-HPI fractions are mostly 
uncharged organics, they will not have electrostatic repul-
sion with the membrane surface or the filter cake layer, 
which makes it easier for organic matters to deposit on 
the membrane surface, causing a large number of mem-
brane pores to be blocked, forming serious specific flux 
decline [41]. It can explain that the more pronounced 
decline in specific flux caused by the N-HPI and HPO 
fractions. On the other hand, the decrease in the spe-
cific flux of the TPI and C-HPI fractions in the two cycles 
is relatively slight, and the C-HPI fraction has the largest 
end specific flux value, which is 0.88. This may result that 
these two fractions are mostly small MW organics, which 
are not easy to deposit on the membrane surface and are 
more likely to pass directly through the membrane pores, 
and the C-HPI fraction contains polar functional groups, 
which is likely to cause electrostatic repulsion with the 
membrane surface, reducing the deposition of large MW 
organics on the membrane surface and the adsorption 
of small MW organics on the membrane pores [22,41,44].

3.2.2. Organic matter removal and membrane 
fouling reversibility

It is important for achieving drinking water qual-
ity to study the removal of organic matter during water 
treatment processes. Herein, the UV254 and DOC were 
used to investigate the different removal of organic mat-
ter by UF (Fig. 5b). It can be seen from Fig. 5b that the 
removal of DOC, the UF membrane was more inclined 
to trap hydrophobic fractions, especially the HPO frac-
tion, and the highest removal rate is 38.54%. However, 
the DOC removal rates of the N-HPI fraction and the raw 
water were relatively low, which was inconsistent with 
the rapid decline of its membrane-specific flux. It can be 
inferred that there is no positive correlation between the 
removal of DOC and the fouling of organic matter to the 
membrane [8,45,46]. Maybe there is a small amount of 
biological macromolecular organic matter in the N-HPI 
fraction and raw water. It is sufficient to cause a serious 
decrease in membrane flux, while most small molecu-
lar substances can pass through the membrane pores. 
Yu et al. [1] also considered that biological macromolec-
ular organic matters in natural raw water are the main 
substances that cause UF membrane fouling.

In terms of UV254 removal, the C-HPI fraction was the 
highest, reaching 50.24%, while the retention efficiency of 
other fractions was poor, their removal rates were about 
10.00%. The UV254 removal rate of the TPI fraction was the 
lowest, which was 3.29%. This may be related to the bare 
absorbance at 254 nm of the hydrophilic fractions, such as 
polysaccharides and protein. Comparing the hydrophilic 
fractions, little organic matter in the hydrophobic fractions 
was removed by considering UV254 because of the undetect-
able absorbance of these fractions [4,47].

To determine the irreversible foulants that cause mem-
brane fouling, this study further investigated the revers-
ibility of membrane fouling as shown in Fig. 6. It can be 
noticed that the total relative fouling caused by raw 
water in the two filtration cycles is the largest, which was 
0.24 and 0.37 respectively. Obviously, the lowest relative 

fouling value (0.12) was resulted from the C-HPI fraction. 
Comparing the irreversible fouling (IF) and reversible 
fouling (RF) among the four fractions and raw water, the 
IF was relatively higher in the HPO, N-HPI and fractions 
and raw water, which means these fractions may cause 
IF. This may be due to the fact that in the HPO fraction, 
small molecules of humic-like and fulvic-like organic mat-
ters were easily adsorbed on the membrane pores, while 
small molecule protein-like organics in the N-HPI fraction 
were more easily adsorbed on the inside of the membrane 
pores and were hard to hydraulically remove. Yamamura 
et al. [8] also found that the HPO and N-HPI fractions were 
the main foulants causing membrane fouling. According to 
their analysis, humic-like organics had a higher content in 
the HPO fraction, which were easily adsorbed in the mem-
brane pores to narrow the membrane pores, or blocked 
the membrane pores by binding with other small mole-
cules through hydrophobic interactions. Some protein-like 
substances metabolized by microorganisms in the N-HPI 
fraction were adsorbed on the membrane surface, forming 
irreversible fouling. Additionally, soluble Ca2+ and Mg2+ in 
water will change the surface potential of organic matter on 
the one hand and affect the electrostatic repulsion. On the 
other hand, it will also form complexes with organic mat-
ters, promoting the formation of zeta potential and larger 
colloids, and strengthen the pollution of UF membranes 
by protein-like and humic-like organic substances [31].

3.2.3. Subtraction EEM fluorescence spectra

To identify the main foulants trapped on the UF mem-
brane, the subtraction method was used to compare the EEM 
fluorescence spectra of the fractions and raw water of the 
Ganjiang River before and after UF, as illustrated in Fig. 7.

The EEM difference chart of hydrophobic components 
(i.e., a, b) is significantly wider than that of hydrophilic 
components (i.e., c, d), and the fluorescence signals are 
denser in regions III and V, indicating that humic acids 
and fulvic acids are more likely to be trapped by UF mem-
branes. This is mainly due to the fact that these organic 
matters while changing the properties of the membrane 
surface, will also strengthen the bridging effect of organic 
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matter and soluble inorganic ions on the membrane 
surface [3,48–50]. However, the specific flux of the N-HPI 
fraction decreased to a greater extent, which again shows 
that there is no positive correlation between the retention 
of organics and membrane fouling. Moreover, the fluores-
cence of the HPO fraction in the III–V region is denser than 
that of the TPI fraction, which indicates that after UF more 
organic matter is trapped in the HPO fraction. According 
to the previous researches [22,42,44], the reason for this 
result may be that the organics in the HPO fraction are 
mostly macromolecular humic acid and fulvic acid, while 
the molecular weights of the organics in the TPI fraction are 
smaller. Additionally, the retention of these two fractions in 
the IV region is similar, because the organics in this region 
are mostly small molecule soluble microbial products 
(SMPs), which are easily adsorbed inside the membrane 
pores to form irreversible membrane fouling [8,35].

Furthermore, the fluorescence signal reflected by the 
EEM subtraction chart of the N-HPI fraction is mainly 
concentrated in regions I, II and IV. It suggested that 
some SMPs and aromatic protein substances in this frac-
tion were retained. Most previous studies had shown that 
SMPs and small-molecule protein-based organics were 
the main substances that constitute irreversible membrane 
fouling during the UF [1,8,13,18,51]. From the observation 
of the EEM subtraction chart of the C-HPI fraction, it is 
clearly observed that only a few small molecule proteins, 
humic acids and fulvic acids in regions I, III, and V were 
retained. When these DOM passed through the membrane 
pores, they would be adsorbed inside the membrane pores, 
which was difficult to recover by water washing, and it was 
easy to form irreversible membrane fouling.

Besides, it is found that the fraction of raw water has 
a certain degree of fluorescence in the V area. Combined 
with the analysis of the specific flux change curve, the rea-
son why the specific flux of the raw water decreases so 
quickly is that the humic acid macromolecules in this frac-
tion are deposited on the membrane surface, which causes 
effective membrane pore area on the membrane surface to 
decrease, thereby reducing its membrane flux. Yu et al. [1] 
and Yamamura et al. [8] considered that biological macromo-
lecular organic compounds in raw water were the main sub-
stances that cause UF membrane fouling. At the same time, 
the raw water also has fluorescent regions in the areas I, III 
and IV, which indicates that it also contains some protein-
aceous substances, SMP and fulvic acid substances, which 
will be adsorbed and deposited on the membrane pores or 
the membrane surface, further decreasing the membrane 
flux. This result is in agreement with the finding by Liu et 
al. [22] that the more the fluorophores existed in the frac-
tion, the more serious membrane fouling could be achieved 
to the fraction.

3.2.4. Characterization of membrane surface

To further evaluate the foulants trapped on the surface 
of the UF membrane, ATR-FTIR was used to scan the sur-
face of virgin and fouled membranes (Fig. 8).

Compared with the virgin membrane, UF mem-
branes filtered through raw water and fractions have 
various degrees of absorbance peaks around 3,280; 2,930; 

1,650; 1,537; 1,240 and 1,040 cm–1. It was assigned to the 
stretching vibration of hydrogen bonds (O–H), which 
the absorbance band near 3,280 cm–1. And the weak signal 
at 2,930 cm–1 was attributed to the C–H stretching vibra-
tions [13,52]. They are typical functional groups of hydro-
philic polysaccharides. It is obvious that the absorption 
intensities of the N-HPI and C-HPI fractions at 3,280 and 
2,930 cm–1 were significantly stronger than those of the 
HPO and TPI fractions. That is to say, the more hydro-
philic polysaccharides exist on the membrane surface, 
the more serious membrane fouling could be achieved to 
the hydrophilic fractions. Additionally, a previous study 
revealed that the stretches at 1,650 and 1,040 cm–1 were 
associated with the carboxylate group (COOH), imply-
ing that carbohydrate-like substances were retained in 
the fouling layer [13,52,53]. Moreover, deposition of pro-
tein-like organic matters could be found in the membrane 
surface fouled by the N-HPI and C-HPI fractions, which 
the characteristic groups of amino compounds (N–H) were 
observed at 1,537 cm–1 [13,54]. There is reasonable to find 
humic-like and protein-like substances in the fouling layer, 
according to the fluorescent EEM spectra.

3.3. Membrane fouling mechanism based on Hermia model

Hermia model, as mentioned in Table 2, was applied to 
further analysis of the raw water and four fractions fouling 
evolution (Table 4). It can be seen that the fitting degree 
of raw water to the Hermia model (R2 > 0.945) is gener-
ally higher than the fitting degree of each fraction to the 
model (R2 > 0.712). In each fraction, four classic filtration 
models all fit well to experiment data, among which the 
standard blocking model manifests the most excellent fit-
ting. It could be referred that in the actual UF process, it 
was not a single membrane fouling mechanism at work, 
but multiple membrane fouling mechanisms that work 
together. Among these models, standard blocking and 
cake filtration are the dominant mechanisms of membrane 
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fouling, taking R2 as a measure of goodness of fit. Sun et 
al. [45,46], Wan et al. [4], and Shen et al. [32] also obtained 
similar findings. Moreover, the regression results of the 
raw water are given in Fig. 9. As shown, the R2 values 
were 0.945, 0.999, 0.960, and 0.974 for complete blocking, 
standard blocking, intermediate blocking, and cake fil-
tration, respectively, which implied that standard block-
ing and cake filtration dominated the membrane fouling, 
and the other two models were to some extent involved 
as well. Standard blocking can be ascribed to the DOM 

depositing on the pore walls, which leads the pore size to 
be narrowed. Shen et al. [32] found that complete blocking 
was the fouling mechanism of hydrophilic substances that 
was mainly attributed to complete. However, the result 
of this paper is consistent with Wan et al.’s studying [4]. 
Thus, there are some differences in previous researches 
may be due to the different samples.

Comparing the R2 of the hydrophobic component 
and the hydrophilic component when passing through 
the membrane, it can be found that except for the N-HPI, 

Table 4
Comparison of membrane fouling mechanism of raw water and various fractions through UF (R2)

Fractions cycles fouling 
model

HPO TPI N-HPI C-HPI Raw water

1T 2T 1T 2T 1T 2T 1T 2T 1T 2T

Complete blocking 0.717 0.803 0.700 0.840 0.814 0.738 0.823 0.853 0.945 0.963
Standard blocking 0.996 0.999 0.985 0.999 0.975 0.999 0.982 0.999 0.999 0.999
Intermediate blocking 0.740 0.822 0.712 0.853 0.833 0.769 0.833 0.861 0.961 0.975
Cake filtration 0.762 0.840 0.725 0.866 0.851 0.800 0.843 0.869 0.974 0.985
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the R2 of other fractions increases with the extension of 
the filtration cycle. This may be due to the fact that the 
N-HPI was composed of mostly small molecular organic 
compounds, which are more likely to be adsorbed on the 
membrane pores, causing standard blocking; while other 
fractions also have organic substances close to or larger than 
the membrane pores, which continuous accumulation and 
adhesion on the membrane surface and membrane holes 
make it closer to each model. On the whole, the fitting con-
ditions of the four types of models between the raw water 
and the fractions are as follows: standard blocking > cake 
filtration > intermediate blocking > complete blocking. It 
implies that in the initial stage of filtration, standard block-
ing is the main factor, and also considered that standard 
pore plugging to be the main mechanism of IF. With the 
progress of membrane filtration, cake filtration will become 
the dominant mechanism in the later stage of filtration, and 
filter cake layer filtration may cause the main factor of RF.

4. Conclusions

In this study, the characteristics of DOM in the nat-
ural raw water of the Ganjiang River and the fouling 
mechanisms during UF were investigated. The following 
conclusions can be drawn:

• The Ganjiang River was mainly HPO and N-HPI organic 
matters, which accounted for 40.06% and 29.69% respec-
tively, TPI and C-HPI had relatively small proportions, 
18.91% and 11.33%, respectively. It can be known from 
SUVA that the aromatics and organic compounds 
containing unsaturated characteristic bonds such as 
benzene rings and conjugated double bonds were 
mostly presented in the HPO and C-HPI fractions, while 
the TPI and N-HPI fractions were less.

• The DOM of the Ganjiang River was mostly humic-like 
and fulvic-like substances, and also contained some 
SMPs, but the aromatic protein-like substance was not 
obvious in the raw water. Furthermore, the hydropho-
bic fraction was mainly humic-like substances, and the 
hydrophilic fraction contained a small amount of organic 
matter with a low humification degree, and it also 
contains some protein-like organic matter.

• The decrease in specific flux caused by the HPO and 
N-HPI fractions was more serious, while the membrane 
fouling caused by the TPI and C-HPI fractions was 
lighter. Additionally, the HPO and N-HPI fractions were 
more likely to cause IF. From the fluorescent EEM spec-
tra before and after membrane filtration, it can be found 
that humic-like substances and SMPs were the main fou-
lants that caused IF, and a small amount of protein-like 
substances in the C-HPI fraction could also cause IF.

• The results of the Hermia model showed that the mem-
brane fouling mechanism was mainly standard blocking 
and cake filtration during the test period, and the stan-
dard blocking had the highest fit among all fractions, 
with R2 of 0.999 in the two-cycles.
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