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Abstract: This study investigated membrane fouling issues associated with the operation of a
submerged ultrafiltration membrane in a drinking water treatment plant (DWTP) and optimized
the associated chemical cleaning strategies. By analyzing the surface components of the membrane
foulant and the compositions of the membrane cleaning solution, the primary causes of membrane
fouling were identified. Membrane fouling control strategies suitable for the DWTP were evaluated
through chemical cleaning tests conducted for bench-scale, full-scale, and engineering cases. The
results show that the membrane foulants were primarily composed of a mixture of inorganics and
organics; the inorganics were mainly composed of Al and Si, while the organics were primarily
humic acid (HA). Sodium citrate proved to be the most effective cleaning agent for inorganic fouling,
which was mainly composed of Al, whereas sodium hypochlorite (NaClO) combined with sodium
hydroxide (NaOH) showed the best removal efficiency for organic fouling, which predominantly
consisted of HA and Si. However, sodium hypochlorite (NaClO) combined with sodium hydroxide
(NaOH) showed the best removal efficiency for organic fouling and Si; organic fouling predominantly
consisted of HA. Based on the bench-scale test results, flux recovery was verified in the full-scale
system. Under a constant pressure of 30 kPa, the combined acid-alkali cleaning achieved the best
flux recovery, restoring the flux from 22.8 L/ (m?-h) to 66.75 L/(m2-h). In the engineering tests,
combined acid-alkali cleaning yielded results consistent with those of the full-scale tests. In the
practical engineering cleaning process, adopting a cleaning strategy of alkaline (NaClO + NaOH)
cleaning followed by acidic (sodium citrate) cleaning can effectively solve the membrane fouling
problem.

Keywords: submerged ultrafiltration membrane; flux recovery; membrane fouling; chemical cleaning;
fouling control strategies

1. Introduction

In recent years, the ultrafiltration (UF) membrane process has seen significant ad-
vancements, leading to its increasing application in water treatment processes [1,2]. Drink-
ing water treatment plants (DWTPs) have adopted the UF membrane process due to its
high water yield, modularity, and efficient, clean operation. Additionally, the UF process
demonstrates strong adaptability to varying raw water conditions [3-5]. Compared to
conventional water treatment methods, the membrane technique offers several advantages,
including a shorter treatment process, lower energy consumption, reduced footprint, and
superior removal efficiency for colloids, organics, and pathogenic microorganisms such as
Giardia and Cryptosporidium [6]. Nevertheless, membrane fouling remains a significant
challenge in practical applications, hindering the further development of the UF membrane
technique [7].
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Membrane fouling can be categorized into inorganic fouling, natural organic fouling,
and biological fouling [8,9]. Inorganic fouling primarily consists of calcium sulfate, calcium
carbonate, calcium phosphate, metal oxides, hydroxides (especially Si and Al) [10-12],
colloidal substances, and other inorganic particulates. These substances interact with and
deposit on the membrane surface and within its pores, with dissolved metals forming
an oxidation layer on the membrane. Numerous pieces of research indicate that fouling
caused by colloidal particulates in river water is mostly reversible [13,14]. The impact of
inorganics on the membrane is relatively well understood; they form a filter cake layer
on the membrane surface, increasing resistance to water flow, which generally results in
reversible fouling.

Natural organic fouling, on the other hand, comprises a variety of organic molecules,
forming a more complex fouling system [15]. Yue [16] found that humic acid (HA), proteins,
and polysaccharides are the primary macromolecular organics contributing to severe
membrane fouling, with micromolecular organics having a lesser impact. Unstable proteins
can denature due to changes in temperature and hydraulic conditions [17] and tend to
adsorb rapidly onto the membrane surface [18]. HA adsorption or deposition leads to pore
narrowing or clogging, resulting in a decrease in membrane flux and causing irreversible
fouling [19]. Colloidal depositions involving proteins, polysaccharides, and other colloidal
substances form a denser filter cake layer on the membrane surface.

Biological fouling occurs when microorganisms proliferate on the membrane surface,
producing a significant amount of extracellular polymers. This process tightens the cake
under the influence of inlet pressure, thereby intensifying membrane fouling [20]. The
diverse foulant types present in natural water bodies contribute to complex fouling mech-
anisms and synergistic effects. For example, the presence of various inorganic ions can
exacerbate HA fouling in UF membranes [21]. When HA coexists with inorganic ions, these
ions influence the extent and mechanism of HA fouling through charge shielding, charge
neutralization, complexation, and bridging effects [22].

Chemical cleaning and physical cleaning are two main processes mitigating membrane
fouling. Acidic cleaning reagents for inorganic minerals, metal oxides, and calcium and
magnesium carbonates have a good cleaning effect; however, strong acids can significantly
alter the pH of the solution. Too low a pH can damage the integrity of the membrane [23].
Sodium citrate is a weak acid and chelating reagent that can easily form chelates and com-
plexes with metal ions; it also significantly enhances the cleaning efficiency [24]. Alkaline
detergent is usually used to clean membrane fouling from organics and microorganisms.
Sodium hydroxide (NaOH) is one alkaline detergent commonly used to clean membrane
foulants, mainly to enhance the solubility of the foulant in water, but it lacks a certain
buffering capacity [25]. In the removal of organics, NaClO has a better cleaning effect than
NaOH [26,27], which is attributed to the fact that NaClO may cause membrane swelling,
which helps to flush out material that may be trapped in the pores [28]. There exist different
complex interactions between different foulants and membranes, and different chemical
cleaning reagents have specific adaptive ranges [29]. Currently, membrane cleaning meth-
ods and strategies do not adequately address the complexities of membrane fouling, such
as the diversity of foulants and fouling behaviors. There is a notable lack of systematic
research on optimizing membrane cleaning strategies, particularly in terms of bench-scale
tests, full-scale tests, and engineering applications. To develop an effective cleaning pro-
gram, it is crucial to accurately identify membrane foulants and apply targeted fouling
control measures based on the specific type of fouling encountered. Thus, optimizing
membrane cleaning requires a thorough understanding of the foulants involved, enabling
the development of tailored strategies to effectively manage membrane fouling.

The UF membranes used in this work were taken from the submerged ultrafiltration
membrane (SUM) of the drinking water treatment plant (DWTP). After identifying the
membrane-fouling substances, an appropriate cleaning control strategy was implemented
to effectively manage membrane fouling. The fouled membrane was chemically cleaned
in the laboratory using sodium citrate, sodium hypochlorite (NaClO), and a combination
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of NaClO + NaOH. The fouling condition was assessed by analyzing the eluates’ organic
chemical indicators, materialistic components, and metal ion concentrations, and the
membrane’s surface characteristics. Based on this analysis, suitable cleaning reagents
and operating conditions were selected. Membrane flux recovery was evaluated through
full-scale tests, and transmembrane pressure (TMP) recovery was assessed via engineering
tests. This study explored effective chemicals and cleaning methods, offering practical
recommendations for the DWTP to address membrane fouling issues.

2. Materials and Methods
2.1. Characteristics of DWTP

The DWTP, located in a city in eastern Zhejiang Province, has a water supply capacity
of 500,000 m3/d. Raw water is sourced from a local reservoir, and the water purification
process includes folded plate flocculation sedimentation, UF, and disinfection. A schematic
of the DWTP’s ultrafiltration system is shown in Figure 1. The system utilizes PVDF
hollow-fiber UF membranes (Tianjin Motimo Membrane Technology, Tianjin, China) with
a total of 40 membrane groups and a retention pore size of 30 nm. Each group is split
into two membrane units, with each unit containing 26 ultrafiltration membrane modules.
Every membrane module offers an effective filtration area of 35 m?, and the UF system
operates using a constant flow filtration method.
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Figure 1. Process flow diagram of ultrafiltration system in DWTP.

The UF system performs a 90 s backwash every hour, with a hydraulic backwash in-
tensity of 38 L/ (m?-h) and an aeration intensity of 142 m3/(m?-h). Initially, surface foulants
on the membrane filaments are removed through hydraulic backwashing. However, as the
operating time increases, it becomes challenging to restore TMP through physical cleaning
alone, necessitating periodic chemical cleaning. Chemical reagents are introduced into the
membrane tank via a dosing pump to circulate through the system for the soaking and
restorative cleaning of the membrane components. Once TMP is restored, the reagents are
discharged, and production resumes after thoroughly rinsing away any residual chemicals.

Membrane foulants were analyzed in bench-scale tests, membrane flux recovery was
evaluated in full-scale tests, and TMP recovery was assessed in engineering tests.

The seasonal raw water temperature, turbidity, CODyy, and other indicators of this
DWPT change significantly with the season (Table 1). Furthermore, the quality of raw water
in summer is inferior to that in the other seasons. Therefore, the full-scale and engineering
tests in this paper were carried out in the summer to deal with the worst conditions.

2.2. Membrane Foulant Identification and Cleaning Experiment

The key substances in the membrane foulants were identified by analyzing the physical
and chemical properties of the membrane eluates, combined with a component analysis of
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the fouled membranes. Full-scale tests were then conducted to verify the membrane flux
recovery achieved with each of the cleaning methods. The reagents and combinations used
in the cleaning experiments were selected to fit the actual engineering scenario, based on the
existing cleaning agents and cleaning combinations used in the DWTP. The effect of NaOH
was not examined separately. Previous studies reported that NaClO has a better cleaning
effect than NaOH, and the combined NaClO + NaOH has more cleaning efficiency [26,27].

Table 1. Seasonal main water quality indicators of raw water from DWPT (202303-202402).

Parameters Spring Summer Autumn Winter
March-May June-August September-November = December—February

pH 7.08-7.4 6.88-7.19 6.96-7.10 7.32-7.50
Temperature (°C) 12.9-16.3 20.1-26.0 19.6-25.9 11.1-14.7
Turbidity (NTU) 1.17-2.00 2.25-28.6 3.42-5.57 1.58-3.66

CODwp, (mg/L) 14-1.5 1.6-2.8 1.5-2.3 1.7-2.5
Fe (mg/L) 0.04-0.06 0.06-0.52 0.11-0.19 0.08-0.17
Mn (mg/L) 0.04-0.09 0.05-0.38 0.12-0.22 0.06-0.22
Alkalinity (mg/L) 22.1-23.5 18.4-26.4 22.5-25.6 28.0-29.1

Hardness (mg/L) 25-26 21-28 26-28 31-32

(1) Bench-scale tests

Alkaline washing was employed to remove organics, acid washing was used to
eliminate inorganic metal ions, scaling, and oxides, and ultrasonic treatment was ap-
plied to address reversible fouling. This test analyzed the drainage from these cleaning
methods to determine the nature of the membrane foulants. The effectiveness of citric
acid in removing organics and alkali in eliminating inorganics was not specifically ex-
amined. Chemical solutions of varying concentrations were prepared: sodium citrate
(1000 mg/L, 2000 mg/L, 3000 mg/L), NaClO (500 mg/L, 1000 mg/L, 1500 mg/L), and
NaOH (250 mg/L). Membrane filament samples were soaked in different chemical cleaning
reagents for 24 h, after which the composition of the soaking solutions was analyzed.
Ultrapure water was used to rinse the soaking solution from the surface of the membrane
filaments. After cleaning, the membrane filaments were freeze-dried, and their surface
characteristics were further analyzed.

(2) Full-scale tests

The bench-scale tests focused solely on analyzing the eluent and the changes in the
membrane surface post-cleaning without evaluating the membrane flux recovery. Since
membrane flux recovery is the most direct and crucial parameter for assessing cleaning
effectiveness, full-scale tests were conducted to evaluate the impact of chemical reagents
on fouled membrane cleaning. The UF unit was in a DWTP where surface water was
used as the raw water in Ningbo, China, and the feed water of the UF was taken from the
sand-filter-produced water. The total membrane filtration area of 35 m? with a designed
flux is 1 m3/h. The filtration process operates for 120 min per cycle, as shown in Figure 2.
The cleaning process begins with a 60 s aeration, followed by an air-water backwash at an
intensity of 30 L/(m? h), with the membrane tank being emptied every five cycles.

The effectiveness of the three membrane cleaning methods was evaluated: (a) sodium
citrate cleaning, (b) NaClO cleaning, and (c) NaClO combined with NaOH cleaning. The
concentrations of the above chemicals were determined based on bench-scale tests.
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Figure 2. Schematic diagram of full-scale membrane system.

2.3. Analytical Methods and Chemicals
2.3.1. Chemicals and Materials

NaOH (AR-grade) and sodium citrate (99.5-100%) were purchased from Shanghai
McLean Biochemical Technology Co, Shanghai, China. NaClO (AR-grade, available chlo-
rine 5%) was purchased from Sinopharm Chemical Reagent Co, Shanghai, China.

The membranes used in the tests were PVDF hollow-fiber UF membranes (Tianjin
Motimo Membrane Technology, Tianjin, China), which were produced via the thermally
induced phase separation (TIPS) process. The characteristics of the membranes are shown
in Table 2.

Table 2. Main performance parameters of membrane materials.

Inside and Maximum
Membrane Modified Pore . Temperature Tolerated
. R . Outside o .
Materials Material  Size/um Diameter/mm Range/°C Concentration
(NaClO)/mg/L
PVDF pPVP 0.03 0.7/1.2 5~40 5000

The UF membrane column was split into three segments (front, middle, and rear)
using an electric cutter. Following the UF membrane column opening, a yellow filter cake
layer adhered to certain areas of the membrane sample surface (Figure 3). Membrane
filaments were used for cleaning and surface fouling characterization and analysis. The
mid-membrane filament samples were cut into equal-length sections for testing.

\ \
\

‘ 1
W=

' .'»At-\ ~

Figure 3. The membrane filaments: (a) fouled, (b) virgin.

2.3.2. Membrane Porosity

Membrane volumetric porosity ¢ (%) is defined as the pore volume divided by the
total volume of the membrane. Membrane porosity significantly influences the adsorption
and transfer processes, as well as affecting the contact area between foulants and cleaning
agents. This makes it a crucial factor in evaluating the filtration efficiency, flux performance,
and separation capability of the membrane [30]. The quality of foulant removal is indirectly
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characterized by the change in weight of the fouled membrane before and after cleaning [31].
To determine the effect of fouling removal by weight change, membrane volumetric porosity
can be determined by the weight method, measuring the weight of the liquid (pure water)
contained in the membrane pores. The volumetric porosity of the membrane is calculated
by Equation (1).
Wy —Wy
E=w 7V\}Ij W M
w d + Vd
Pw Po

where Wy is the weight of the wet membrane, W is the weight of the dry membrane,
Pw is the density of water, which is 1 g/cm?, and py, is the density of the membrane, which
is 0.96 g/cm?.

2.3.3. Organic Foulant Analysis

Total organic carbon (TOC) analyzer (TOC-L CPH, SHIMA-DZU, Kyoto, Japan) was
used to analyze the TOC of the UF eluates [32]. Three-dimensional fluorescence spectrome-
try was measured by the fluorescence excitation-emission matrix (EEM) (F-7000, Hitachi,
Tokyo, Japan) [33,34]. Organic species in the eluate can be characterized qualitatively by
measuring the fluorescence intensity, which is usually categorized into five fluorescence
regions (Table 3) [35]. An attenuated total reflectance Fourier-transform infrared spectro-
scope (ATR-FTIP) (Magna-IR 750, Nicolet, Green Bay, WI, USA) was used to analyze the
functional groups on the membrane surface.

Table 3. Fluorescent area and characteristic substances.

Area Fluorescent Area Characteristic Substances

Ex200-250 nm
Ep280-330 nm

Ex200-250 nm

I Tyrosine

! EMm330-380 nm Aromatic protein
Ex200-250 nm ] ,

. EM380-500 nm Fulvic acids
Ex250-320 nm .

v Ep280-380 nm Tyrosine

\V4 Ex280-350 nm HA

EM380-500 nm

2.3.4. Inorganic Foulant Analysis

Inductively coupled plasma (ICP) (ICP-OESOPTIMA-2000, PerkinElmer, Waltham,
MA, USA) was used for the determination of inorganics in the membrane eluent [36]. A
scanning electron microscope (SEM) (JSM-7800F, JEOL, Tokyo, Japan) was used to examine
the surface morphology. The elemental changes in the membrane surface were analyzed using
an energy-dispersive spectrometer (EDS) (Spectra 300, Thermo Fisher, Waltham, MA, USA).

3. Results and Discussion
3.1. Membrane Foulant Identification and Comparison of Different Cleaning Effects
3.1.1. Analysis of Foulants on the Membrane Surface

The changes in the membrane surface functional groups of the fouled membrane
filaments in different seasons are shown in Figure 4. The absorption peak near 840 cm ™!
was attributed to CH out-of-plane deformation and CH, rocking [37], and the absorption
peak near 895 cm~! was characteristic of CF, symmetric stretching [38]; these were the
characteristic peaks for PVDE. There was no seasonal variation for the fouled membranes.
The absorption peaks at 1075 cm ™! and 1181 cm~! were attributed to the C-O stretching
of alcohols originating from polysaccharides [39], and the absorption peak at 1430 cm !
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was attributed to the stretching vibrations of -COO™ associated with carboxylic acid [40].
Meanwhile, the specific peaks related to HA appeared at 1640 cm !, owing to C=0 stretch-
ing [41]. The broad region of the absorption peak between 3288 cm~! and 3450 cm~! in
the fouled membrane and the virgin membrane was caused by the stretching oscillation
of hydroxyl functional groups (O-H) [42]. At the same time, HA also responds to this
position [43,44]. The results show that the fouled membrane mainly contains HA.

=0
,0_" €00
(Hydroxyl functional groups) |

Transmittance (%)

(carboxylic acid)
-0

(alcohol~based )

3600 3200 2800 2400 2000 1600 1200 800

Wavenumbers (cm™)

Figure 4. Infrared spectrum of the fouled membranes in different seasons.

The results of EDS are shown in Figure 5. For the fouled membranes taken from
summer, several oxides such as Al, Si, Fe, and Mn were detected with Al and Si as the main

foulants. Therefore, it can be preliminarily determined that the type of membrane fouling
was mainly complex fouling.

Si Fe Mn

60
B Virgin membrane

56 4 [ ]Fouled membrane

52 4
9
< 48 -
9
¥
£ 441
]
2 404

36 1

T
il Il A
O Al

C F

Figure 5. Comparison of the relative mass of elements between the virgin membrane and the fouled
membranes (summer—TJuly).

Al fouling is mainly due to the use of poly Al chloride in the coagulation process of
this DWTP, which enriches the Al content in the membrane tank considerably. Since the
content of 5i compounds in raw water is maintained at about 10 mg/L, it is speculated
that the cause of Si fouling may be that the Si in raw water adheres to the surface of the
membrane, which forms after long-term filtration and accumulation [45].

3.1.2. Effects of Different Chemical Cleaning Types

According to the membrane surface foulant analysis, the presence of inorganics and
organics constitutes complex fouling. To further verify the foulants, sodium citrate, NaClO,
the NaClO + NaOH combination, and ultrasonic cleaning were used to clean the fouled
membrane, and the composition of the eluates was analyzed.
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The EEM spectra show that the organics in the eluant are mainly HA (Figure 6) [46].
Figure 6 also indicates that chemical cleaning is more effective than physical cleaning to
remove HA fouling. The characteristic peaks were significantly different in different eluates.
The combination of NaClO + NaOH has a better effect on the elution of organics than other
cleaning. Figure 7a shows that the removal efficiency of NaClO and NaClO + NaOH on
HA was significantly better than that of sodium citrate and ultrasonic cleaning.
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Figure 6. EEM spectra: (a) raw water, (b) ultrasonic eluate, (c) sodium citrate eluate, (d) NaClO eluate,
and (e) NaClO + NaOH eluate.

Sodium citrate cleaning performed better than NaClO, NaClO + NaOH, and ultrasonic
cleaning on the removal of metal elements (Al, Fe, Mn) (Figure 7b). However, the four
methods are similar for the removal of Si.

It can be determined that the foulants are inorganics, mainly composed of Al and Si,
and organics, mainly composed of HA.

3.2. Volume Porosity Changes in Chemically Cleaned Membrane

Membrane porosity has an impact on the membrane flux performance [47].
Figure 8 shows the volume porosity of the fouled membrane cleaned with different chemi-
cal reagents, namely, sodium citrate, NaClO, and NaClO combined with 250 mg/L NaOH,
at different times. From the porosity change in the membrane after sodium citrate cleaning,
it can be found that the overall porosity is stable and no longer rises after 2 days of cleaning,
indicating that the membrane pore blockage has been removed at this time. On the other
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hand, the porosity of NaClO alone and that of the combined cleaning are both stable and no
longer increases after 1 day of cleaning, and the overall stability value of porosity is higher
than that of sodium citrate cleaning. It is speculated that the main substance in the fouled
membrane is HA fouling, so NaClO has a better removal effect [48]. According to the
change in porosity at different concentrations and times, the overall chemical concentration
has less effect on porosity than cleaning time, which is consistent with the conclusion that
the cleaning time has more effect than the concentration on fouled membranes in some
studies [49]. Routine cleaning procedures and chemical expenses at DWTPs should not be
underestimated. The concentration of sodium citrate, NaClO, and NaOH in the follow-up
chemical cleaning experiment were 1000 mg/L, 500 mg/L, and 250 mg/L.

(a) (b) I Al
16 4 254 [ Fe
144 [ IMn

] - [si

y M | Lﬂlﬂ

Ultrasonic Sodium citrate NaClO NaClO+ NaOH

TOC (mg/L)
i
=

Concentration (mg/L)
e tn

=
n

3'mmﬂ

T T
Raw  Ultrasonic Sodium  NaClO  NaClO+
water citrate NaOH

Figure 7. Foulant in the eluate: (a) TOC and (b) inorganic element (the TOC of the sodium citrate
eluate is obtained by subtracting the TOC of the control group).

Figure 8. Volume porosity of fouled membranes cleaned with different chemicals: (a) sodium citrate,
(b) NaClO, and (c) NaClO + NaOH.
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3.3. Impact of Various Chemicals on Organic and Inorganic Removal and Membrane Morphology
3.3.1. Effectiveness of Chemical Cleaning on the Removal of Organics

(1) Component of chemical elutriate

Alkaline cleaning is mainly used to remove organics from the membrane surface, and
the composition of the eluate represents the changes in its organics. Figure 9a shows that
the TOC in the eluates of the membrane does not increase significantly after 32 h of cleaning.
Figure 9b shows that the TOC of the eluates does not change significantly after the NaClO
+ NaOH cleaning time reaches 8 h. Compared with NaClO cleaning alone, the cleaning
time is greatly shortened.

10
7{@ (b)

1111 BT

2 48 H 8 16
Time (h) Time (h)

TOC (mg/L)
. "o &
®

[
TOC (mg/L)

IS

o

Figure 9. Changes in TOC of eluates with cleaning time: (a) NaClO and (b) NaClO + NaOH.

3.3.2. Effectiveness of Chemical Cleaning on the Removal of Inorganics

(1) Component of chemical elutriate

Acid cleanings are mainly used to remove inorganics, particularly metal oxides, and
the removal mechanism comprises hydrolyzing the metal oxides on the fouled membrane at
alow pH [50]. Alis the main element in the fouled components of the inorganic membrane,
accounting for more than 95% of the content of inorganic elements in the foulant. After
24 h of sodium citrate cleaning, the Al content in the eluate does not significantly increase
and tends to be stable at 48 h (Figure 10). It is preliminarily speculated that the inorganics
(mainly Al) have been completely cleaned and shed [51,52].

4.0 1
[ A1
[ JFe
[ IMn
351 si
=)
)
g
=3.0-
S
=
£
g ,I
5] =
£ 0.5]
@]
0.0
12 24 36 48
Time (h)

Figure 10. Metal ion concentration in eluates over time.

(2) Analysis of membrane surface elements after cleaning

Understanding the morphological properties of the membrane is important for further
understanding its fouling behavior and retention performance. Figure 11 presents SEM
images of the membranes before and after chemical cleaning. Before cleaning, the surface of
the fouled membrane was covered with a large amount of foulant, and the distribution of
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membrane pores could not be observed (Figure 11b). Comparing the cleaning effect of dif-
ferent chemicals, after cleaning with NaClO + NaOH, the membrane surface exhibited the
least fouling, the membrane pores were exposed, and the surface texture was distributed.

Figure 11. SEM images of membrane before and after chemical cleaning: (a) virgin membrane,
(b) fouled membrane, (c) sodium citrate, (d) NaClO, and (e) NaClO + NaOH.

The results obtained via the EDS are shown in Table 4. Sodium citrate has a good
effect on the removal of inorganic metal foulants, such as Al, Fe, and Mn, but it has a poor
effect on the removal of Si substances. It is worth noting that the content of C and O also
declined. It is speculated that this declining content is organic fouling, which shows that
sodium citrate could remove part of organics after a long period of soaking and cleaning.
This is because the chelation of sodium citrate loosens the dense fouling layer, and then,
the organics can be removed together with inorganics [53-55].

Table 4. Changes in the mass distribution of elements on the surface of membranes before and after
cleaning with different chemicals.

Chemicals C (%) F (%) O((%) Al(%) Si(%) Fe(%) Mn (%)
Before cleaning 42.38 49.29 441 2.82 0.68 0.30 0.12
Sodium citrate 40.32 58.55 1.25 0.26 0.62 0 0

NaClO 43.20 50.80 3.89 1.18 0.53 0.30 0.10
NaClO + NaOH 41.59 55.56 2.31 0.43 0.05 0.06 0.02

The relative mass of the main foulants before and after the NaClO cleaning of the
fouled membrane did not significantly decrease, indicating that NaClO has a limited
effect on the removal of inorganic elements and oxides from the surface of the membrane.
Compared with NaClO cleaning alone, the main inorganic fouling elements, such as Al
Si, Fe, and Mn, are reduced to varying degrees after cleaning with NaClO + NaOH. The
removal effect of Al and Si is significantly better than that of NaClO cleaning alone, in
terms of the mass distribution of elements on the surface of the membrane. The main
reason is that Al and Si easily form soluble salts under strong alkalinity and, thus, leave the
membrane surface [56]. Because of the addition of NaOH, the eluate is always in a strong
alkaline state, so that the Al and Si elements in the membrane foulant are easily converted
into soluble salts and, thus, detach from the surface of the membrane [57]. NaOH is more
likely to reach the organic fouled layer, improving the cleaning efficiency.

3.4. Cleaning Verification
3.4.1. Full-Scale Cleaning Tests

The efficacy of cleaning chemicals was analyzed through bench-scale tests, and based
on these findings, the recovery of membrane flux was further evaluated in full-scale tests
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to assess the impact of chemical cleaning on the fouled membranes. The cleaning solution
was drained every 12 h cleaning, and the membrane tank was rinsed to eliminate any
residue, ensuring that no cleaning solution remained. Water production was maintained at
a constant pressure of 30 kPa, and the corresponding stable flux changes were recorded.
The overall membrane flux increased gradually as sodium citrate cleaning progressed,
but the rate of flux recovery slowed down over time. After 48 h of cleaning, there was
no significant further increase in flux, indicating that most inorganic foulants had been
effectively removed (Figure 12). For NaClO cleaning, membrane flux ceased to recover
beyond 32 h, suggesting that the majority of HA had been eliminated from the mem-
brane surface. For the combined NaClO + NaOH cleaning, the overall cleaning time was
shortened significantly to 8 h.

—Ml— Sodium citrate
60 - —®—NaClO
NaClO + NaOH

=50
NE ——————— — —
5 /.:./_.
E /) l/
=
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Figure 12. Variation in membrane flux with cleaning time in full-scale tests.

3.4.2. Engineering Case

The analysis of bench-scale tests, eluate composition, and flux verification from the
full-scale tests indicate that the most effective cleaning strategy is to first treat the fouled
membrane with NaClO + NaOH, followed by sodium citrate. In the engineering tests
conducted at the DWTP, the selected cleaning protocol involved using 500 mg/L NaClO
+ 250 mg/L NaOH, followed by 1000 mg/L sodium citrate. As shown in Figure 13, TMP
recovery after sodium citrate cleaning reached 48.45 kPa, compared to 44.56 kPa after
NaClO + NaOH cleaning, demonstrating that the combined cleaning approach was more
effective than sodium citrate alone. Moreover, TMP recovery after acid—alkaline cleaning
was as high as 37.82 kPa, indicating that the combination cleaning method had superior
performance. The results of the acid—alkali combined cleaning in the engineering tests were
consistent with those observed in full-scale tests, confirming its effectiveness.

80
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Figure 13. Changes in TMP before and after membrane chemical cleaning with different cleaning
reagents in DWTP.
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4. Conclusions

In this work, membrane-fouling control strategies for DWTPs were evaluated through
chemical cleaning tests conducted at bench-scale, full-scale, and engineering case levels.
The key findings are as follows.

Analyzing the fouling membrane after chemical cleaning and its eluate indicates that
proteins, polysaccharides, and HA contributed to membrane fouling, with HA being the
predominant organic foulant. The main inorganic foulants were identified as Al and Si.

Bench-scale tests reveal that sodium citrate was more effective in removing inorganic
fouling, while NaClO was more efficient in eliminating organic fouling, particularly HA.
Additionally, the combined NaClO + NaOH cleaning demonstrate superior performance
over NaClO alone, especially in removing Si-based fouling.

Full-scale tests show that the acid—alkali combined cleaning approach achieved the
highest flux recovery, increasing the membrane flux from 22.8 L/ (m?-h) to 66.75 L/(m?-h)
at a constant pressure of 30 kPa. Furthermore, the NaClO + NaOH cleaning method
significantly reduced the required alkali washing time compared to NaClO alone. The
results from the engineering tests are consistent with the full-scale tests, confirming the
efficacy of the combined acid—-alkali cleaning approach.

The results from the engineering tests are consistent with the full-scale tests, and the
combined acid-alkali cleaning could obtain a higher recovery rate while shortening the cleaning
time. Therefore, the combined acid-alkali of NaClO (500 mg/L) + NaOH (250 mg/L) cleaning
approach followed by sodium citrate (1000 mg/L) is adopted in the actual application, which
can achieve a better membrane cleaning effect.
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