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A new backwash strategy for reducing the cost of an

immersed ultrafiltration system by restricting cake layer

breakage

Fangshu Qu , Xiaolian Li, Junguo He, Zhihui Pan, Yan Zhao,

Hongwei Rong, Guibai Li and Huarong Yu
ABSTRACT
Ultrafiltration (UF) is increasingly used for potable water treatment, but membrane fouling necessitates

the application of periodical backwash, which increases running cost. A new backwash strategy, in

which air scouring was only applied with sludgewater discharging, was proposed to improve backwash

performance in a water plant using UF. Four gravity-driven UF systems were simultaneously run at

increasing air scouring intervals (3–24 hours) and sludge water discharging intervals (12–24 hours). The

membrane fluxes were monitored to assess membrane fouling and the mix solution turbidity was also

monitored to investigate deposition of particles. The results indicated that membrane fouling was not

aggravated by the extension of air scouring and sludge water discharging intervals. Water backwash on

its own induced a shift of particle deposition from the membrane surface to the bottom of the

membrane tank due to limited cake layer breakage, enabling the extension of sludge water discharging

intervals. For the gravity-driven system investigated, the running cost, including energy, water and

chemical demand, was reduced by 16.67% as the air scouring and sludge water discharging intervals

increased from 3 hours to 24 hours and from 12 hours to 24 hours, respectively.
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INTRODUCTION
Because of outstanding advantages, such as high-quality pro-

duced water and small footprint, membrane technology is

increasingly applied in potable water supply to meet strin-

gent requirements in water quality (Van Der Bruggen et al.

). In particular, ultrafiltration (UF) can completely

retain particles, colloids, bacteria and pathogens, substan-

tially improving water security (Jacangelo et al. ).

However, deposition of particles, colloids and natural

organic matter on the membrane surface during filtration

usually causes severe fouling in long-term operation, result-

ing in increased energy demand and thus restricted

engineering application (Zhang et al. ; Li et al. ).

To maintain the stable running of a UF system, peri-

odic physical cleaning is used to remove deposited
foulants and to restore membrane permeability. In full-

scale applications, the fouled membrane is typically back-

washed with the produced water at a flux several times

(2–5) bigger than the permeate flux (Li et al. ; Chang

et al. ). In addition, air scouring is widely used to

improve backwash performance, particularly for immersed

UF systems (Ye et al. ; Du et al. ). However, in

some cases, minor or even adverse impacts of air scouring

on backwash efficiency has also been reported in the litera-

ture. Ye et al. () demonstrated that air-scouring-aided

backwash induced the deposition of more highly resistant

components over multiple filtration and backwash cycles

due to the potential fractionation of foulant species at

high air scouring rates. To find an optimum backwash
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Table 1 | Quality indexes for raw water in the experimental period

Indexes Ranges

Temperature (�C) 24.0–31.2

pH 6.9–7.2

Turbidity (NTU) 6.2–12.5

DOC (mg/L) 1.90–3.68

Ammonia (mg/L) 0.12–0.60

Dissolved oxygen (mg/L) 5.7–8.7
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strategy, a variety of backwash parameters, such as back-

wash interval, intensity and duration, have been

investigated in terms of backwash efficiency. Generally,

shorter intervals, higher intensities and longer durations

are favourable for fouling control, and less improvement

can be anticipated with further increases in backwash

intensity beyond the optimum point (De Souza & Basu

). In addition, backwash water composition has also

been found to affect backwash performance, with deio-

nized water, salt solution and reverse osmosis brine

considered as alternatives for the membrane permeate (Li

et al. ; Chang et al. ). However, there is a trade-

off between backwash performance and running costs,

because increased backwash intensity and duration result

in more energy and water consumption.

The immersed hollow-fiber UF system is extensively

applied in potable water treatment and membrane bio-

reactors due to low energy demand resulting from low

applied pressure (<0.1 MPa) (Miyoshi et al. ; Chang

et al. ). For immersed UF systems, the sludge water is

not discharged every time a backwash is performed, so as

to improve water production efficiency. In our previous

work, we demonstrated that increased sludge water dischar-

ging could benefit control of both reversible and irreversible

fouling during reservoir water treatment by UF but resulted

in increased self-used water (Bai et al. ). However, the

foulants in the sludge water may re-deposit on the mem-

brane in the subsequent filtration. The retained foulants

may repeatedly deposit on the membrane surface during fil-

tration and break up during backwash, resulting in increased

energy demand. It has been reported that changes in cake

height, composition and structure were affected by the

hydrodynamics of the backwash and air scouring (Ye et al.

). Hence, the interval for sludge water discharging

should be taken into consideration as well as backwash

intensity and duration. To the best of our knowledge, the

mutual influence of water backwash, air scouring and

sludge water discharging is rarely investigated.

In this work, a new backwash strategy, with air scouring

only applied with sludge water discharging, was proposed to

improve backwash performance. Moreover, the intervals for

sludge water discharging were extended to assess changes in

fouling evolution and running costs. The variation in the tur-

bidity of the mix solution at different depths in the UF tank
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were monitored to investigate the deposition pathway of the

retained particles and colloids.
METHODS AND MATERIALS

Raw water quality

The investigation was performed in a full-scale potable plant

in the dry season. The water plant was located in the

southern part of China (Zhaoqing city, Guangdong province).

The raw water for the plant was taken from the Dongjiang

river, and the water quality parameters are shown in

Table 1. The water temperature during the experimental

period varied in a range of 24.0–31.2 �C, and the raw water

turbidity was between 6.2 and 12.5 NTU. In the rainy

season, the raw water turbidity is substantially higher, even

exceeding 1,000 NTU. Under these circumstances, the oper-

ational parameters for the pretreatment system would be

adjusted, i.e. increasing coagulant doses and increasing the

sludge water discharging frequency of the sedimentation

tanks, so that the UF system would not be severely impacted.

The organic and nutrient pollution were quite low. Dissolved

organic carbon (DOC) and ammonia were in the ranges of

1.90–3.68 mg/L and 0.12–0.60 mg/L, respectively.

UF system and running parameters

In the water plant investigated, a hybrid drinking water

treatment process was applied including coagulation, sedimen-

tation, UF and chlorine disinfection. Polyaluminium chloride

was dosed at a concentration of 4 mg Al/L�1. An inclined

tube sedimentation tank was used for flocs to settle for about

5 min. Subsequently, the UF was used to treat the settled



Table 2 | Experiment protocol for optimization of running conditions for the immersed UF
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water instead of sand filtration. The capacity of the plant was

20,000 m3/day with four submerged UF systems. The total

membrane surface was about 32,000 m2. The hollow-fiber UF

membrane (LJ2A-2000-V200), which was purchased from

Litree Co. Ltd., was made of PVC alloy with a molecular

weight cut-off (MWCO) of 50 kDa. The inner and external

diameters of themembrane fiber were 1.0 and 1.6 mm, respect-

ively. As shown in Figure 1, the UF systemwas run in a gravity-

driven mode using a water-level difference of 3.0 m, which

could provide a transmembrane pressure (TMP) of 30 kPa.

The water was driven across the membrane initially by

evacuation and subsequently by siphonage. A flux of

26 L m�2 h�1 was obtained with a constant flow valve

installed at the permeate outlet. Periodical backwash was

applied to delay fouling, combining backwash (60 L m�2 h�1,

60 seconds) and air scouring (3 L m�2 h�1, 90 seconds). The

backwash interval and duration were 3 hours and 2.5 min,

respectively. The sludge water in each filtration tank was

completely discharged twice a day, with each discharge

time taking 0.5 hour. The water recovery rate was approxi-

mately 92.3% and the discharged sludge water was about

380 m3/day for each membrane tank. Moreover, chemical

cleaning was carried out twice a month to delay irreversible

fouling: the UF membrane was first cleaned with an alkaline

solution (0.5%NaOHand 1,000 ppmNaClO) for 6 hours and

then cleaned with a 1% citric acid solution for 4 hours.

system

Parameters Control Scenario I Scenario II Scenario III

Backwash intervals (h) 3 3 3 3

Air scouring intervals (h) 3 12 18 24

Sludge water discharging
intervals (h)

12 12 18 24
Experimental protocol

Three experimental scenarios, namely I, II and III, were

investigated in comparison with the normal (control) back-

wash regime, in which backwash, air scouring and sludge
Figure 1 | A schematic diagram (a) and a photograph (b) of the UF system.
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water-discharging intervals were 3 hours, 3 hours and 12

hours, respectively. As shown in Table 2, the interval for

air scouring was extended to 12 hours in scenario I. In scen-

arios II and III, the intervals for sludge water discharging

and air scouring were increased to 18 hours and 24 hours,

respectively. The four experimental scenarios run simul-

taneously with four UF trains. In each scenario, the UF

system was run and monitored for three sludge water dischar-

ging cycles. The variations in transmembrane pressure were

recorded to assess membrane fouling. Moreover, the turbidity

of the mix solutions at different depths (0.2 m, 1.5 m and

2.5 m from the water surface) in the filtration tanks were mon-

itored to evaluate the precipitation of particles. The turbidity

was measured by a portable turbidimeter (Hach 2100p, USA).

The running costs comprised electricity consumption, self-use

water cost and chemical usage during chemical cleaning.

The electricity and water prices were US$0.1 per kWh and

US$0.03 per m3, respectively.

To better understand the fouling, the resistance-in-series

model was used to describe fouling behavior, as shown in

the Equation (1) (Bai et al. ).

R ¼ ΔP
μJ

(1)
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where R is the total resistance during the filtration process

(m�1), ΔP is the TMP (30 kPa), μ is the dynamic viscosity

(Pa s) and J is the membrane flux. The fouling resistance

comprises intrinsic membrane resistance, reversible resist-

ance and irreversible resistance. As the experiment

duration was quite short, the accumulation of irreversible

fouling was insignificant. The monitored fouling resistance

could assess development of reversible fouling. To exclude

potential impacts of unpredictable factors associated with

real systems, the membrane resistances before and after

backwash for the whole duration were averaged to give a

clearer comparison of the performance of different back-

wash strategies.
RESULTS AND DISCUSSION

Variation in fouling resistance

Figure 2 shows the profiles of membrane resistances for the

UF systems. The membrane resistance generally increased

with filtration time and was restored after backwash
Figure 2 | Profiles of membrane resistance in the three-cycle operation of the immersed UF s

(d) scenario III.
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(Figure 2(a)). With increasing filtration cycles, the mem-

brane resistance increased to some extent. The membrane

resistance was greatly delayed when the sludge water was

discharged, because the foulants that had accumulated in

the UF system were discharged with the sludge water. In

scenario I, the membrane resistances in the first 3 hours

were lower than those in other scenarios when no cleaning

was applied. Because the study was performed in a real

water plant, the membrane status could be ideally controlled

by a series of factors such as initial membrane status, feed

water quality and pumping condition. When the air scouring

interval was increased to 12 hours, the membrane resistance

did not rapidly increase (Figure 2(b)). This implies that lower

backwash intensity did not necessarily result in more severe

fouling. When the interval for sludge water discharging was

increased to 18 and 24 hours, the membrane resistance did

not significantly increase either (Figure 2(c) and 2(d)).

The average resistances before and after backwash in

each filtration cycle are summarized and shown in Figure 3.

The membrane resistances before and after backwash

are associated with total and irreversible fouling,

respectively. As shown in Figure 3, the total resistance was
ystem with different backwash strategies: (a) control, (b) scenario I, (c) scenario II, and



Figure 3 | Effects of reduced air scouring and extended discharge interval of sludge

water on fouling.
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7.0 × 1012 m�1 and the resistance after backwash was

2.6 × 1012 m�1 in the control scenario. When the air scour-

ing interval was extended to 12 hours, the resistances

before and after backwash did not increase, but decreased

to 6.4 and 2.5 × 1012 m�1, respectively. Air-assisted back-

wash is usually considered to be more effective in fouling

alleviation due to stronger surface shear (Remize et al.

). However, air scouring can destroy the cake layer on

the membrane surface, which is regarded a secondary
Figure 4 | Variation of turbidity of water in the membrane tank at different water depths: (a) co

turbidity sensors placed in the immersed UF system.
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layer to protect the membrane from internal fouling (Cui

et al. ). Hence, the performance of air-assisted backwash

in fouling control may be offset. Lok et al. () demon-

strated that air-assisted backwash resulted in a significantly

higher increase in the irreversible fouling resistance for a

hollow-fiber UF system. As the intervals for air scouring

and sludge water discharging were further increased from

12 hours to 18 hours and 24 hours, both total resistance

and irreversible resistance were still not significantly

affected (Figure 3), although much more foulant was

retained in the UF system due to more water being filtered.

This is inconsistent with the general recognition that mem-

brane permeability decreases with more foulants being

retained (Kalboussi et al. ). More understanding on the

deposition of foulants is thus warranted in immersed UF

systems using low-intensity backwash.
Particle precipitation in multi-cycle filtration

Figure 4 shows variations in the turbidity of the mix solution

in a sludge water discharging cycle. The turbidity increased

very slowly during filtration because of the retained particles

and colloids deposited on the membrane surface. The mix

solution turbidity increased sharply after backwash due to
ntrol, (b) scenario I, (c) scenario II, and (d) scenario III. The labels indicate the depths of the
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the resuspension of particles and colloids. Subsequently, the

mix solution turbidity rapidly decreased because the

particles were re-deposited on the membrane surface or pre-

cipitated at the bottom of the membrane tank. As the air

scouring interval increased to 12 hours (scenario I), the

mix solution turbidity after backwash was lower in scenario

I than in the control, because fewer particles were resus-

pended due to less shear being applied. As the sludge

water discharging interval increased to 18 hours and 24

hours (scenarios II and III), the mix solution turbidity

after backwash apparently increased due to more foulants

being retained in the UF system.

The mix solution turbidity before and after backwash is

summarized and shown in Figure 5. Generally, the mix sol-

ution turbidity increased with water depth due to the

precipitation of cake debris. The mix solution turbidity

before backwash varied in a low range (1.5–3.5 NTU)

because most particles were deposited on the membrane sur-

face during filtration, and parts of large particles precipitated

at the bottom of the membrane tank by gravity. The average

turbidity substantially increased (5–25 NTU) after backwash

due to the resuspension of the particles (Bai et al. ).

Regarding the mix solution turbidity before backwash, the

interval extension for air scouring and sludge water dischar-

ging played a minor role, regardless of water depth. As

shown in Figure 5(b), the mix solution turbidity in the

upper area (0.2 m) after backwash did not significantly

change with extended intervals for air scouring and sludge

water discharging. Generally, the mix solution turbidity

after backwashing would decrease if air scouring was not

applied, because fewer particles on the membrane surface
Figure 5 | Effects of reduced physical cleaning intensity of mix solution turbidity at different d

membrane tank 5 min before and after backwash.
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would be resuspended (De Souza & Basu ). However,

because the samples were taken 5 min after backwashing,

the particles in the upper area might deposit on the mem-

brane surface or precipitate into the lower area, resulting in

similar turbidity values in the upper area for different scen-

arios. The turbidity in the lower areas (1.5 m and 2.5 m)

decreased in scenario I and increased in scenarios II and

III with the extension of the sludge water discharging inter-

val. The turbidity after backwash was a trade-off between

fewer resuspended particles due to lower backwash intensity

and more retained particles associated with reduced sludge

water discharging. In scenario I, the interval for air scouring

was increased to 12 hours, so fewer particles were resus-

pended from the membrane surface. The increased turbidity

in the lower area in scenarios II and III indicated that

more particles tended to accumulate at the bottom of mem-

brane tank. However, as shown in Figure 4(c) and 4(d), the

turbidity in the lower area tended to remain constant after

12 hours in scenarios II and III. The turbidity in the lower

area of membrane tanks was related to resuspension, precipi-

tation and deposition of particles. The resuspension of

particles from the membrane surface during backwashing

and the precipitation of particles from the upper area could

increase the turbidity in the lower area, whereas the depo-

sition of particles to the bottom of the membrane tanks

could reduce the turbidity. When the amount of particles get-

ting into the lower area is equal to the amount deposited on

the UF tank, the turbidity may not substantially vary.

It is commonly considered that higher backwash inten-

sity is favourable to membrane fouling control (Gu et al.

). As shown in Figure 5(a), air bubbles may impose a
epths: (a) before backwash and (b) after backwash. The samples were taken from the
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strong shear on the cake layer, enhancing breakage of the

cake layer by backwash. In a study on seawater pre-treatment

using UF, it was demonstrated that the injection of air

during backwash could improve the permeability recovery

by 15–39%, depending on the duration of the backwash

(Cordier et al. ). In contrast, the performance of water

backwash alone is less efficient in removing the cake layer

than air-assisted backwash, with some foulants still adhering

to the membrane surface (Figure 6(b)). Hence, the turbidity of

the sludge water decreased as the air scouring interval was

increased from 3 hours to 12 hours (Figure 5(b)). Moreover,

air-assisted backwash can break the cake layer into smaller

debris due to the higher energy input, resulting in a greater

resuspension of foulants (Massé et al. ). For an immersed

UF system, the sludge water is typically not discharged every

time backwash is carried out. In this water plant, the intervals

for backwash and sludge water discharging were 3 hours and

12 hours, respectively. The cake debris may re-deposit on the
Figure 6 | Schematic diagrams for deposition pathways of particles in the multi-cycle

filtration: (a) air-assisted backwash and (b) water backwash alone.
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membrane surface in the subsequent filtration, contributing

to the increase in fouling resistance (Figure 6(a)) (Qu et al.

). When only water backwash is applied, the cake debris

is larger in size and tends to precipitate at the bottom of the

filtration tank. The amount of deposited foulants is thus

reduced, positively contributing to fouling control (Bai et al.

). Although the intervals of air scouring and sludge water

discharging were extended, the fouling resistances did not sig-

nificantly increase (Figure 3). Hence, it is feasible to restrict

backwash intensity to reduce the running costs of the UF

system without aggravating the membrane fouling.

Electricity consumption and running costs

Figure 7 shows the electricity consumption and water pro-

duction rates of the UF system. When the UF membrane

was backwashed by combined water flushing and air scouring

at an interval of 3 hours, the electricity demand was

21 kWh 10�3 m�3 and the water production rate was 92.3%.

Because the filtration was driven by gravity, only backwash

pumps and air blowers consumed electricity, resulting in a

very low electricity consumption (Peter-Varbanets et al. ).

With the extension of the intervals for air scouring and

sludge water discharging, the electricity consumption signifi-

cantly decreased and the water production rate increased. In

contrast, the water production rate was increased by 3%

when the intervals for sludge water discharging increased

from 12 hours to 24 hours. Table 3 shows the running costs

of the UF system, which consisted of electricity costs, water

consumption and chemical costs. With the extension of air

scouring intervals, the electricity cost slightly decreased.

The water cost significantly decreased as the sludge water dis-

charging interval increased from 12 hours to 24 hours.

Overall, the running cost for the UF system in this plant

was reduced by 16.67% when the intervals of air scouring

and sludge water discharging were increased to 24 hours. It

should be noted that the capital, maintenance and labor

costs were not included.

Implications for management of the immersed hollow-

fiber UF system

Because of membrane fouling, backwash is an inevitable

step during UF operation, consuming energy and water



Figure 7 | Effects of reduced physical cleaning intensity on electricity demand (a) and water production efficiency (b).

Table 3 | Running costs of the UF system

Indexes Control Scenario I Scenario II Scenario III

Electricity cost
(US$ 10�3 m�3)

1.7 1.6 1.5 1.5

Water cost
(US$ 10�3 m�3)

0.7 0.7 0.6 0.4

Chemical cost
(US$ 10�3 m�3)

0.6 0.6 0.6 0.6

Total running cost
(US$ 10�3 m�3)

3.0 2.9 2.7 2.5

Cost saving (%) 0 3.33 10.00 16.67

The price of electricity was set at US$0.1 per kWh. The price of self-use water was

US$0.03 per m3.
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(Chang et al. ). In this work, it was demonstrated that

the extension in intervals for air scouring and sludge water

discharging did not aggravate membrane fouling but

reduced running costs. This is attributed to restricted cake

layer breakage associated with reduced backwash intensity

(Massé et al. ; Gan et al. ). The cake debris preferen-

tially precipitates at the bottom of the membrane tank by

gravity, resulting in reduced deposition on the membrane

surface. Hence, water backwash only is recommended for

the immersed hollow-fiber UF when the sludge water is

not discharged. Air scouring is applied with sludge water

discharging to maximize exclusion of the retained foulants

out of the UF system. However, this work only compared

four running scenarios with different intervals for air scour-

ing and backwash discharging, and more efforts should be

taken to assess the effects of other parameters, such back-

wash flux and duration when the proposed backwash
om http://iwa.silverchair.com/ws/article-pdf/20/4/1453/705375/ws020041453.pdf
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strategy is applied. Moreover, more laboratory-scale investi-

gations could be performed to understand the effects of the

backwash methods on the migration of colloids and organ-

ics in the immersed UF system. It should be noted that the

reduced air scouring may cause a risk of clogging, particu-

larly at both ends of the hollow-fiber membrane module.
CONCLUSIONS

In this work, a new backwash strategy, in which the inter-

vals of air scouring and sludge water discharging were

extended, was proposed for reducing running costs in the

immersed hollow-fiber UF system. The membrane fouling

was not aggravated by longer intervals of air scouring and

sludge water discharging due to the shift of particle depo-

sition from the membrane surface to the bottom of

membrane tank. Moreover, the increase in the sludge

water discharging interval from 12 hours to 24 hours

increased water the production rate of the UF system by

3%. The running cost of the water plant using gravity-

driven UF was reduced by 16.67% as the air scouring and

sludge water discharging intervals increased from 3 hours

to 24 hours and from 12 hours to 24 hours, respectively.
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