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A B S T R A C T   

Water treatment technologies that feature a simple operation, affordable cost, and low chemical addition are 
necessary to achieve the goal of supplying clean water to rural regions. In this study, an automated-control direct 
ultrafiltration (UF) process without chemical cleaning was operated and investigated using the micro-polluted 
surface water at a mountain village in China as feed. During the approximately 2.5-year operation, the UF 
process operated steady without pretreatment and chemical cleaning, and clean drinking water that met the 
Chinese drinking water standard (GB 5749–2006) was continuously available. Despite occasional shock loading 
(84.7 NTU), the turbidity (the major contaminant of feed water) was low (0.3 ± 0.1 NTU) in the effluent, and the 
filtration resistance remained at (14.7 ± 0.7) × 1012 m− 1 except for the initial increase. Compared with organic 
substances, inorganic substances were dominant constituents of cake layer. Alumina or silica particles were 
easily removed by frequent backwashing and were distributed on the outer surface (newly formed) of cake layer. 
In contrast, the bulk cake layer was predominantly composed of CaCO3 scales, indicating its major role in 
membrane fouling. Regarding organic fouling, low-molecular-weight hydrophilic carbohydrate-like compounds, 
which were related to bacterial activities, were dominant compositions (91.5%). Proteobacteria made a major 
contribution to bacterial communities (52.2%). Because of the simple process (almost unattended) and no 
chemical cleaning, the operation and maintenance cost was only 5.3 cents⋅m− 3 during the entire operation. These 
findings demonstrate that direct UF without chemical cleaning has significant application potential in rural 
regions with micro-polluted water.   

1. Introduction 

Global water scarcity is among the most significant challenges of the 
21st century [1]. More than 650 million people worldwide are faced 
with a lack of clean and safe water [2], one of the greatest threats to 
public health and economies [3,4]. Surface water or groundwater 
catchment for usage without pretreatment is common, particularly in 
rural, small, low-income, and mountainous regions [5]. Achieving the 
supply of clean drinking water that meets drinking water standards to all 
humans is one of the 2030 sustainable development goals set by the 

United Nations [6]. The water supply in rural regions plays an important 
role in achieving this goal; it is even used as an indicator of national 
economic development. In China, the government has proposed a 
strategy for building a beautiful countryside since 2013 [7], and abso-
lute poverty has been eliminated since 2020 [8]. Therefore, it is neces-
sary to develop appropriate water treatment technologies (low chemical 
addition and simple installation, operation, management, and mainte-
nance) for a stable supply of safe drinking water in rural regions [9,10]. 

Ultrafiltration (UF) has obtained much attention nowadays, and its 
global market is predicted to 2.14 billion United States dollars in 2030 
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[11]. Owing to the simple operation [12], low operational cost 
[compared with nanofiltration and reverse osmosis (RO)] [13], and the 
ability to reject pollutants, particularly microorganisms and viruses 
[14], UF process is appropriate for drinking water purification in rural 
regions. Most studies regarding long-term UF operation have been 
investigated, and pretreatment and chemical cleaning were usually 
employed to alleviate membrane fouling. It was reported that UF process 
with pretreatment (pre-oxidation [15], pre-coagulation [16], pre- 
adsorption [17], etc.) have been incorporate into the full-scale drink-
ing water treatment plants. Pilot-scale pretreatment-UF processes, such 
as sewage filtration using UF with pre-coagulation and pre-adsorption 
[18] and micro-polluted water purification using UF with UV- 
irradiation and pre-coagulation [19] have also been reported to oper-
ate steadily. Moreover, direct UF processes with chemical cleaning were 
also found stable during long-term continuous operation [20–24]. 
However, the cost, operational complexity, and health risk were 
aggravated by pretreatment and chemical cleaning, which is unafford-
able for residents in rural regions [25]. Therefore, the feasibility and 
application prospects of a direct UF process without pretreatment and 
chemical cleaning should be explored, especially in low-income rural 
areas, where the source water is mostly slightly polluted but cannot meet 
the drinking water standard. 

To avoid pretreatment and chemical cleaning, the performance of UF 
operation with individual physical cleaning was paid much attention 
[26,27]. It has been reported that the membrane flux decline caused by 
humic substance and sodium alginate mixture was highly recovered by 
hydraulic backwashing [28]. In addition, the effectiveness of hydraulic 
backwashing was influenced by the molecular weight cutoff of mem-
brane [29], backwash water compositions (e.g., UF permeate, demin-
eralized water, and ultrapure water) [30–33], and backwashing 
conditions (e.g., duration, frequency, and backwash water fluxes) 
[31,34,35]. Different physical cleaning methods have also been inves-
tigated to maintain the UF steady operation, such as ultrasounds [36], 
air sparging backwashing [37], and ultrasonically driven bubbles [38]. 
Pilot-scale no chemical cleaning UF was also performed, demonstrating 
the contribution of low fluxes to stable performance [39] and revealing 
the membrane-fouling-resistance distribution [40]. Long-term (several 
days) field UF operation and related water productivity were reported 
steady with multiple consecutive backwash pulses in a seawater desa-
lination UF-RO system [41]. However, years-long full-scale studies 
should be conducted to conform the operation stability and water pu-
rification performance of UF process without pretreatment and chemical 
cleaning. In addition, membrane fouling characteristics (decisive fou-
lants, foulant distribution, etc.) and related evolution mechanisms in 
long-term no cleaning UF were still unclear, particularly the 3D struc-
ture of cake layer. 

In this study, a direct UF process without pretreatment and chemical 
cleaning was designed and conducted for approximately 2.5 years for 
the treatment of micro-polluted source water at a mountain village in 
Jiangsu, China. The UF process featured a simple operation, small 
occupation area, and automated control. To evaluate the operation 
performance, both the water quality of the influent and effluent and the 
membrane behaviors [i.e., transmembrane pressure (TMP)] were 
continuously monitored. The foulant compositions and their three- 
dimensional (3D) distribution on the UF membrane were analyzed to 
investigate membrane fouling characteristics and related mechanisms. 
In addition, the microbiology populations within the cake layers were 
investigated, and the water treatment costs were evaluated. 

2. Material and Methods 

2.1. Background of the mountain village 

The mountain village is in Mount Mao, Jiangsu, China 
(119◦19′12.71′′ E, 31◦42′8.63′′ N). The water source for the mountain 
village is a pond with an effective capacity of 25,000 m3. The main 

pollution property regarding this water source is high turbidity, and the 
concentration of microorganisms exceeded the drinking water standard 
in China (the detailed characteristics of water quality are listed in 
Table S1, Supporting Information, SI). Furthermore, the water total 
hardness was as high as 180–270 mg⋅L-1 (Table S1, SI). Before the 
establishment of the UF-based water treatment process, water taken 
from the pond was simply treated (i.e., boiled), resulting in potential 
health risks. Thus, the treatment goal of the UF-based water treatment 
process was to provide drinking water which met the drinking water 
standard in China (GB 5749–2006). 

2.2. The UF-based drinking water treatment process 

A simple UF-based drinking water treatment process was designed 
and installed, which consisted of only the UF unit and the ultraviolet- 
disinfection unit (Fig. S1, SI). The process was automated control with 
a few maintenances, and neither a pretreatment process nor chemical 
cleaning of the membranes was performed. 

The UF process started in August 2018, with a supply capacity of 120 
m3/d. The UF unit (2 m in length, 1.2 m in width, and 2.5 m in height) 
was composed of six submerged capillary membrane modules [poly-
vinylidene fluoride (PVDF), Tianjin Motimo Membrane Technology Co., 
Ltd., China]. The membrane area of each module was 35 m2, and the 
average membrane pore diameter was 30 nm (data provided by the 
manufacturer). Detailed characteristics of UF membrane were listed in 
Table S2. For physical cleaning, the UF membranes were backwashed 
with air (45 s) / water (45 s) every 40 min. To evaluate the water pu-
rification and filtration performance of UF membranes, the turbidity of 
the feed water and UF permeate, the temperature of the feed water, and 
the TMP of the UF membranes were monitored daily using an online 
turbidimeter, an online thermometer, and an online pressure sensor, 
respectively. The filtration resistance (R) was calculated based on Dar-
cy’s law [42]: 

R = TMP/(μ × J) (1)  

where J is the membrane flux during the filtration, and μ is the water 
viscosity, which can be obtained based on an empirical relationship with 
water temperature (T) [43]: 

μ = 1.784 − (0.0575 × T)+
(
0.0011 × T2) − (10− 5 × T3) (2)  

2.3. Characterization of UF membrane fouling 

Membrane samples were taken from the middle part of the outer 
membrane fibers in the submerged hollow-fiber membrane modules in 
March 2021. The fractures of the membrane fibers were sealed again 
after sampling to ensure further UF operation of the module. The mor-
phologies of the membrane surfaces and cross-sections were observed 
using scanning electron microscopy (SEM; SU-8020, Hitachi, Japan). 
The foulant compositions within the cake layers on the membrane sur-
face were analyzed using an energy dispersive spectrometer (EDS; 
Element E1868-C2B, Ametek, USA), X-ray photoelectron spectroscopy 
(XPS; ESCALAB250Xi, Thermo Fisher Scientific, USA), and Fourier 
transform infrared spectroscopy (FTIR; Nicolet iN10MX, Thermo Fisher 
Scientific, USA). The water contact angle of the membrane surface was 
analyzed using a contact angle apparatus (OCA 15EC, Dataphysics, 
Germany). 

To further analyze the dissolved inorganic and organic foulants on 
the membrane surface, a 58 mg sample of the cake layer was scraped off 
from the surface of fouled membranes (40 cm2 in area) using a clean 
blade [15] and diluted to 30 mL with ultrapure water (as the eluent). 
The dispersion of the cake layer was ultrasonicated for 10 min and then 
vibrated at 25 rpm for 60 min. After sedimentation, the supernatant was 
filtered through a 0.45 μm membrane before analysis [15]. Concentra-
tions of dissolved elements were determined using an inductively 
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coupled plasma optical emission spectrometer (ICP-OES, 700, Agilent 
Technologies, USA). Dissolved organic carbon (DOC) was analyzed 
using a total organic carbon analyzer (TOC-VCPH, Shimadzu, Japan). 
UV254 was detected using an ultraviolet–visible spectrophotometer (U- 
3010, Hitachi High Technologies Co., Japan). Specific UVA254 
(SUVA254) was obtained by calculating the ratio of UV254 to DOC con-
centration [44]. The molecular weight (MW) distribution was deter-
mined by gel permeation chromatography with a differential refractive 
index detector (GPC-RID, Agilent Technologies, USA). The exciton- 
emission matrix (EEM) spectra were analyzed using a fluorescence 
spectrophotometer (F-4600, Hitachi, Japan). 

The tendency to form calcium carbonate (CaCO3) scales on the 
membrane surface from water was evaluated using the Langelier satu-
ration index (LSI) [45]. A positive LSI indicates that the formation of 
CaCO3 scales tends to occur. 

LSI = pH − pHs (3)  

pHs = K + pCa2+ + pAlk (4)  

where pH is the actual solution pH, pHs is the solution pH at CaCO3 
saturation, K is a constant related to the ionic strength and water tem-
perature, pCa2+ is the negative logarithm of the Ca2+ concentration, and 
pAlk is the negative logarithm of the total alkalinity. 

2.4. Characterization of composition 3D distribution within the cake layer 

The 3D distribution of compositions was analyzed by depth profiling 
using time-of-flight secondary ion mass spectrometry (ToF-SIMS; ToF- 
SIMS V, ION-TOF GmbH, Germany) [46]. Data acquisition and subse-
quent data processing and analysis were performed using SurfaceLab 7 
(ION-TOF). The related 3D images were further reconstructed based on 
the depth profiling data. Detailed procedures are provided in Text S1 
(SI). 

The composition depth distribution was also measured by line 
scanning and mapping of the cross section of fouled membranes using 
SEM-EDS (Quattro, FEI, USA; Element E1868-C2B, Ametek, USA). The 
intensities of elements C, O, F, Al, Si, and Ca along the depth were 
collected. 

2.5. Analysis of bacterial communities within the cake layer 

High-throughput 16S rRNA pyrosequencing was performed to 
analyze the bacterial communities. Raw sequences were deposited in the 
NCBI Sequence Read Archive (accession number: PRJNA781393). 
Detailed procedures are provided in Text S2 (SI). 

3. Results and discussion 

3.1. The operation performance of the UF process 

The results showed that the automated UF process operated steady 

Fig. 1. Variations of (a) the turbidity of feed water 
and UF permeate, (b) the TMP, (c) the feed water 
temperature, and (d) the filtration resistance with 
operation time. Note: Owing to the backup for water 
supply (slow filter), the maintenance time (grey color) 
at this village was longer than usual. The air- 
backwashing device was replaced during the first 
maintenance, and UF membranes were backwashed 
with air/water for about 1 h before the process was 
put back to use. The pumps were replaced during the 
second and third maintenance. No membrane 
replacement was performed during the maintenances.   
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during the operation period of approximately 2.5 years, and only a few 
maintenances were performed (Fig. S2, SI). No pre-treatment and 
chemical cleaning were conducted. In addition, the goal to provide 
drinking water which met the Chinese drinking water standard (GB 
5749–2006) was achieved, and characteristics of the UF permeate were 
shown in Table S1, SI. 

The UF process continuously provided clean drinking water. More-
over, the growth of microorganisms in the pipeline was prevented by the 
ultraviolet-disinfection unit (SI, Table S3). Although the turbidity (the 
major contaminant) of the raw water was high (up to 84.7 NTU), the 
effluent turbidity was always low (0.3 ± 0.1 NTU). As shown in Fig. 1a, 
the turbidity removal efficiency was as high as 99.3 ± 0.5%. In addition 
to the high removal efficiency, the UF process had the capacity to resist 
the shock loading. The seasonal variation in the source-water turbidity 
was observed. In the summer, the turbidity increased to 84.7 NTU due to 
frequent heavy rain, while it decreased to 20.1 NTU in the winter. 
Despite the strong fluctuations in source-water turbidity, the effluent 
turbidity remained stable. 

The filtration performance of the UF membranes was evaluated 
further. The TMP values were monitored daily. As shown in Fig. 1b, TMP 
rapidly increased from 16.2 to 59.6 kPa in the first few days (Period I, 
2018.08.25–2018.09.08), and then gradually increased to 114.5 kPa 
after 8 months of operation (Period II, 2018.09 to 2019.04). After that, 
the TMP remained relatively stable at 116.1 ± 3.9 kPa for approxi-
mately two years (Period III, 2019.04–2021.03). The large variation in 
turbidity (20.1 NTU to 84.7 NTU, Fig. 1a) in the summer did not result in 
large fluctuations of TMP, which further verified the strong resistance to 
shock loading (cf. above). The temperature of the raw water was also 
auto-monitored because of its possible influence on membrane fouling 
resistance [15]. Although the variation in temperature was seasonal, 
small fluctuations were observed (12.1 to 15.8 ℃) (Fig. 1c), resulting in 
minor influence on membrane fouling variation. 

In addition, the variation tendency of the filtration resistance was 
similar to that of TMP (Fig. 1d). In Period I, membrane pore adsorption 
and membrane pore blocking were likely to occur. The filtration resis-
tance rapidly increased from 2.1 × 1012 to 8.0 × 1012 m− 1. In Period II, 
the gradual accumulation of foulants on the membrane surface was 
likely to induce the formation and growth of the cake layers. The 
filtration resistance then gradually increased to 14.5 × 1012 m− 1. In 
Period III, there was likely no further growth of the cake layers because 
of efficient physical cleaning. The filtration resistance was maintained at 
(14.7 ± 0.7) × 1012 m− 1. 

3.2. Foulant compositions on the fouled UF membrane 

Membrane fouling plays an important role in determining membrane 
operation behavior. Therefore, the characteristics of membrane fouling 
were investigated further. Membrane samples were taken in Period III, 
where no further growth of filtration resistance with filtration time was 
observed (Fig. 1). The cake layers on the membrane surface were 
observed by SEM (Fig. S3, SI), and the elements on the fresh and fouled 
membranes were analyzed using SEM-EDS and XPS (Figs. S4 and S5, SI). 
The results showed the difference in elemental composition between the 
fresh and fouled membranes (Table 1). The element F in the PVDF 
membrane was not detected on the surface of the fouled membrane, 
indicating the complete coverage of the membrane surface by the cake 
layers. In addition, the content of O on the fouled membrane increased 
significantly, whereas that of C significantly decreased. Moreover, N was 
below the detection limit of EDS. Although element N can be detected by 
XPS due to its high sensitivity, its content was low. All results revealed 
that the concentration of organic matters on the fouled membranes was 
relatively low [47], which was coincident with the low CODMn in the 
raw water (2.57 ± 0.13 mg⋅L-1, Table S1, SI). The minor difference in 
water contact angles between the surface of the fresh membrane and 
fouled membrane further confirmed the low content of organic foulants 
on the fouled membrane (indicating that the accumulation of 

hydrophobic organics on the membrane surface was negligible [47]) 
(Fig. S6, SI). 

Owing to the deposition of inorganic foulants, Al, Si, and Ca were 
detected on the fouled membrane. It is interesting that the percentage 
atomic concentrations of Al, Si, and Ca determined by EDS and XPS were 
different. The potential reason is that the sampling depth of EDS is 1–5 
μm, while that of XPS is only the top 10 nm [47]. This difference suggests 
that the percentage atomic concentrations of elements Al and Si were 
relatively higher on the outer surface than in the interior of the cake 
layer, whereas that of Ca was the opposite (further verification can be 
found in Section 3.3). The concentrations of dissolved Al and Ca in the 
cake layers were further analyzed using ICP-OES. Based on the mass 
concentrations in the eluent, the mass percentages of dissolved Al and Ca 
in the cake layer were 0.02% and 1.06%, respectively. The low pro-
portions indicate that water-insoluble inorganic substances were the 
dominant foulants on the fouled membrane. 

To further investigate the inorganic-foulant compositions, the high- 
resolution XPS spectra of the fouled membranes were analyzed 
(Fig. 2). The O 1 s spectra were fitted by two peaks, which indicated the 
presence of SiO2, Al2O3, and metal carbonates [48]. This was corrobo-
rated by the Ca 2p, Si 2p, and Al 2p spectra. The two peaks at binding 
energy of 351.1 and 347.5 eV in Ca 2p spectra were ascribed to the 
presence of CaCO3 [49,50]. The peak at the binding energy of 102.6 eV 
in the Si 2p spectra was attributed to Si-O [51]. Additionally, the peak at 
the binding energy of 74.3 eV in the Al 2p spectra was attributed to 
Al2O3 or its hydrate [52]. These results further verified that UF mem-
brane fouling was mainly caused by inorganic substances. 

Table 1 
Percentage atomic concentrations of elements on the fresh and fouled membrane 
obtained by SEM-EDS and XPS. Percentage mass concentrations of dissolved 
elements in the cake layer obtained by ICP-OES.  

Element 
(%) 

SEM-EDS XPS ICP-OES 

Fresh 
membrane 

Fouled 
membrane 

Fresh 
membrane 

Fouled 
membrane 

Water 
soluble 
fraction of 
cake layer 

C 72.5 ± 7.1 27.6 ± 2.5 63.1 41.8 ND 
O 10.5 ± 1.7 31.0 ± 4.1 6.4 36.5 ND 
F 15.2 ± 2.6 BDL 30.5 BDL ND 
Al BDL 1.2 ± 0.1 BDL 5.1 0.02 ±

0.00 
Si BDL 2.5 ± 0.2 BDL 10.3 ND 
Ca BDL 37.7 ± 2.1 BDL 1.4 1.06 ±

0.02 
N BDL BDL BDL 4.9 ND 
Na 1.1 ± 0.1 BDL BDL BDL ND 
Cl 0.8 ± 0.1 BDL BDL BDL ND 

Note: BDL indicates below the detection limit; ND indicates no detection. 

Fig. 2. XPS high-resolution scans of (a) O 1 s, (b) Ca 2p, (c) Si 2p, and (d) Al 2p 
regions for the fouled membrane. 
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3.3. 3D foulant distribution within the cake layer 

To evaluate the contribution of different foulants within the cake 
layer to membrane fouling, the variation of elements along the depth of 
the fouled membrane was analyzed by SEM-EDS line scanning (Fig. 3a). 
The C and F intensities were low in the cake layer and dramatically 
increased when reaching the membrane surface. The variation of C 
confirmed the low content of organic foulants in the cake layer. 
Furthermore, the intensities of Al and Si sharply decreased to low values 
within the top few micrometers of the cake layer, and that of O 
decreased simultaneously to a relatively low level. Meanwhile, the in-
tensity of Ca increased and was maintained at a high level in the cake 
layer. When reaching the membrane surface, the intensities of both O 
and Ca decreased dramatically. These results demonstrated that Al and 
Si oxides were distributed at the top of the cake layer, whereas Ca was 
within the cake layer and at the bottom, which is consistent with the 
results shown in Section 3.2. As shown in Fig. 3b, the SEM-EDS-mapping 
image visually displays the foulant depth distribution. Both Al and Si 
were distributed only on the outer surface, whereas Ca was mainly 
distributed in the bulk cake layer. 

The 3D distribution of foulants was further verified by depth 
profiling the cake layer using ToF-SIMS. As shown in Fig. 4a, the Al and 
Si intensities decreased along with the sputter time, whereas that of Ca 
increased first and then decreased. Because the sputter time was rela-
tively linear to the sputter depth (the sputter depth gradually increased 
with the increasing sputter time), the depth profile was similar to the 
EDS results. The reconstructed images visualized the 3D distribution of 
Al, Si, and Ca in the cake layer (Fig. 4b). It should be noted that because 
of the distinct absolute sputter rate for different materials, only a relative 
distribution over the depth was obtained. It is obvious that the majority 

of the cake layer was composed of Ca, while both Al and Si were mainly 
distributed at the top of the cake layer. 

A possible reason for this distribution is that the deposited alumina 
or silica particles were loose and easily removed by physical cleaning 
during filtration. As a result, alumina or silica particles were only 
distributed in the newly formed cake layer (outer surface). In contrast, 
Ca was likely to scale as CaCO3 on the membrane, and the scaling layer 
was relatively dense. This could be related to the high hardness of the 

Fig. 3. The depth distribution of foulants on the fouled membrane obtained by SEM-EDS: (a) SEM-EDS line-scan of elements C, O, F, Al, Si, and Ca along the depth of 
the cross section. The line-scanning was performed at three different positions; (b) SEM-EDS mapping of elements F, Al, Si, and Ca on the cross section of the fouled 
membrane. Left: SEM image; right: the corresponding EDS-mapping image. 

Fig. 4. The 3D structure of cake layer on the fouled membrane obtained by 
ToF-SIMS: (a) The depth profile of the cake layer; (b) 3D reconstructed images 
of the cake layer. 
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feed water (180–270 mg⋅L-1, Table S1). Thus, CaCO3 remained in the 
bulk cake layer after physical cleaning and made the predominant 
contribution to membrane fouling. This analysis was performed for the 
cake layer in Period III, and possible scenarios for the evolution of the 
cake layer will be discussed in Section 3.6. 

3.4. Characteristics of organic foulants on the fouled UF membrane 

Organic fouling has been reported to play an important role in UF 
membrane fouling [53,54]. Thus, the characteristics of the organic 
foulants were also investigated. The cake layers were scraped off from 
the fouled membrane surface and analyzed using FTIR spectroscopy. 
Unsurprisingly, peaks representing inorganic substances were predom-
inant. As shown in Fig. 5a, the absorption peaks of the carbonates were 
observed. The peak at 852 cm− 1 was due to the bending vibration of 
carbonates, and the broad band at 1,450 cm− 1 was due to the stretching 
vibration of carbonates [55,56]. In addition, the bands between 600 and 
800 cm− 1 also indicated the presence of a mineral matrix [57]. In 
comparison to inorganic substances, peaks representing organic matter 
were also identified. The peak representing the C-O–H deformation vi-
bration of polysaccharides was observed at 1,083 cm− 1 [58]. Further-
more, the broad band in the region of 900–1,100 cm− 1 (bacterial 
fingerprint region) was also observed and indicated the presence of 
carbohydrate-like compounds (C-O bond of polysaccharides) [47,59]. 
These findings further demonstrated that carbohydrate-like compounds 
were likely the dominant contributors to the organic fouling of UF 
membranes. 

The information regarding organic foulants can be covered by inor-
ganic foulants during the direct measurement of the cake layers because 
of the low concentration. Therefore, to further investigate the compo-
sition of organic foulants, the eluent of the cake layers was analyzed. The 
results showed that the DOC was 3.3 mg⋅m− 2 on the fouled UF mem-
brane. It only accounted for 3.2 ± 0.1% (mass percentage) of the cake 
layer, further confirming the low content. Additionally, the SUVA254 
value was low (0.1 L⋅mg− 1⋅m− 1), which indicates that the majority of 
organic foulants were hydrophilic organic matter [60]. Furthermore, the 

analysis using GPC-RID (Fig. 5b) showed that low MW alcohols, alde-
hydes, ketones, sugars, and amino acids (average MW of 1.3 kDa) 
accounted for 91.5% of water-soluble organic foulants [60]. Bio-
polymers with an average MW of 736 kDa and 3,318 kDa accounted for 
4.8% and 3.7%, respectively. This was further corroborated by the 
analysis of EEM (Fig. 5c), revealing that organic foulants in the cake 
layer were protein-like substances (Regions I and II) and soluble mi-
crobial by-products (Region IV) [61]. Overall, biopolymers, low-MW 
hydrophilic carbohydrate-like, and other compounds, which are all 
related to microbial activities, played a major role in the organic fouling 
of UF membranes. 

3.5. Bio-fouling of the UF membrane 

Due to the significance of bacterial activities in organic fouling based 
on the results shown in Section 3.4, microbial communities within the 
cake layer were further analyzed by high-throughput 16S rRNA pyro-
sequencing. The alpha-diversity indices of the bacterial communities are 
listed in Table S4 (SI). Compared with those in the full-scale drinking 
water treatment plant [15], ACE and Chao1 indices were lower in this 
UF process, indicating a lower richness of bacterial communities. 
However, the Shannon index was higher and the Simpson index was 
lower, demonstrating a higher diversity of bacterial communities. The 
taxonomic composition analysis (Fig. 6) further showed that 40 phyla 
were identified within the cake layer. Proteobacteria, Actinobacteria, and 
Chloroflexi were the three dominant bacterial phyla, accounting for 
52.2%, 18.8%, and 11.4%, respectively. In addition, the Proteobacteria 
phylum was composed of the α-Proteobacteria class (42.4%) and γ-Pro-
teobacteria class (9.8%). Caulobacteales (5.3%), Rhizobales (11.6%), 
Rhizobiales (11.9%), and Sphingomonadales (13.6%) were components of 
the α-Proteobacteria class. These results are consistent with those of 
previous studies showing that the Proteobacteria phylum played a pre-
dominant role in drinking water treatment [59,62,63]. It has been re-
ported that populations of α-Proteobacteria are dominant in natural 
freshwater [64], and γ-Proteobacteria can adhere to the UF membrane 
surface and produce extracellular polymeric substances [65]. Therefore, 

Fig. 5. Characterization of organic compositions in the cake layer: (a) FTIR spectra of the cake layer scraped off from the fouled membrane surface; (b) GPC-RID 
analysis of organic fractions in the eluent of the cake layer; (c) EEM spectra of organic fractions in the eluent of the cake layer. Region I, aromatic protein; Re-
gion II, aromatic protein II; Region III, fulvic-acid-like; Region IV, soluble microbial by-product; Region V, humic-acid-like. 

S. Wu et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 443 (2022) 136531

7

microbial communities within the cake layer can induce biofouling of 
the UF membrane, and their metabolism should have a significant in-
fluence on organic fouling. 

3.6. Potential membrane fouling mechanisms of the UF process 

The filtration periods were clearly distinguished from the opera-
tional behavior in Section 3.1. Detailed fouling analysis was performed 
for the situation in Period III, in which the filtration resistance was 
stationary. Based on the above results, the rapid increase in the filtration 
resistance in Period I was likely due to the adsorption of organic sub-
stances on the membrane surface and in the membrane pores, irre-
spective of their relatively low content. Along with the filtration time, 
the adsorption reached saturation. Membrane properties have little in-
fluence on the further growth of membrane fouling [46]. The slower 
growth of filtration resistance in Period II was mainly due to the increase 
in the scale layer thickness, with CaCO3 scales as the major components. 
The LSI of the feed water was calculated as 0.53, indicating a high risk of 
CaCO3 scaling [45]. Thus, a slight accumulation of Ca2+ in the organic 
fouling layer (electrostatic adsorption or complexation) on the mem-
brane surface can induce scale formation. In addition, because of the 
relatively high backwashing frequency (every 40 min), other inorganic 
substances (alumina or silica particles) were mainly washed away and 
failed to incorporate inside the scale layer. In Period III, the thickness of 
the scale layer no longer increased owing to regular backwashing, 
leading to a stable filtration resistance. Apparently, the conditions no 
longer favored further growth of the scale layer. One possible 

explanation is that the surface of the mature cake layer was different 
from that in Period II, and the accumulation of Ca2+ was reduced. The 
UF membrane fouling mechanism was shown in Fig. 7. 

3.7. Water treatment cost regarding the UF process 

Membrane fouling was the main reason for the relatively high cost of 
UF-based water treatment, which plays an important role in the daily 
lives of local people. To further evaluate the cost affordability of the UF 
process in rural areas, the total water treatment cost was calculated. The 
results showed that the cost of the UF process was relatively low owing 
to the simple process and lack of chemical addition. The total water 
treatment cost was composed of the capital cost and operation and 
maintenance (O&M) cost. As is shown in Fig. 8 and Table S5 (SI), the 
capital cost included civil and building cost (1.4 cents⋅m− 3; United 
States cent, the same below), equipment cost (5.3 cents⋅m− 3), and UF 
membrane cost (1.7 cents⋅m− 3). The O&M cost was 5.3 cents⋅m− 3, and 
the electricity cost was the dominant (4.2 cents⋅m− 3, accounting for 
79.2%). Additionally, the labor and repair costs accounted for 20.8% 
(1.1 cents⋅m− 3). The chemical cost could be ignored due to the lack of 
pretreatment and chemical cleaning. In summary, despite membrane 
fouling, the water treatment cost of the UF process is affordable, 
particularly in rural and low-income regions. Additionally, the cost of 
electricity, which was related to the TMP and filtration resistance, 
played a decisive role in the water treatment O&M cost during 
operation. 

Fig. 6. The distribution in phyla level, class level of Proteobacteria, and order level of α-Proteobacteria of the ribosomal 16S rRNA gene sequence data set from the 
cake layer on the fouled membrane. “Others” indicates the phyla with an abundance percentage less than 1%. 

Fig. 7. The schematic diagram of the UF membrane fouling mechanism.  
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4. Conclusions 

Based on the micro-polluted source water at a mountain village, a 
direct UF process was conducted, and the goal of supplying safe drinking 
water was achieved. The UF process has the advantages of automated 
control, simple operation, no chemical addition, affordable cost, and a 
small occupation area. It was observed that despite the absence of pre-
treatment and chemical cleaning, the UF process operated steady, and 
the effluent quality met the drinking water standard in China during the 
operation period of approximately 2.5 years. The turbidity removal ef-
ficiency was up to 99.3 ± 0.5%, and the TMP value remained stable at 
116.1 ± 3.9 kPa except for the initial increase. The predominant fou-
lants on the UF membrane were inorganic substances. Alumina or silica 
particles were mainly distributed in the newly formed cake layer (the 
outer surface) owing to frequent backwashing. In contrast, CaCO3 scales 
were mainly distributed in the bulk cake layer, indicating its major role 
in membrane fouling. This can be attributed to the high hardness of the 
feed water. The content of organic foulants was relatively low. Bio-
polymers and low-MW hydrophilic carbohydrate-like compounds, 
which are related to microbial activities, made the dominant contribu-
tions. Additionally, microbial communities within the cake layer were 
mainly composed of Proteobacteria, Actinobacteria, and Chloroflexi. 
Owing to the simple process and lack of chemical addition, O&M cost 
was 5.3 cents⋅m− 3, which can be afforded by local people. These findings 
demonstrate the application potential of the direct UF process without 
chemical cleaning for the micro-polluted source water in low-income 
rural areas, and the elucidation of membrane fouling mechanisms can 
provide guidance for further applications. 
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