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ABSTRACT

Nowadays, the zero liquid discharge of flue gas desulfurization (FGD) wastewater from coal-fired units has attracted
the attention of all countries in the world. The pretreatment methods generally have the problems of high operation
cost, small treatment capacity, and poor flexibility. However, the membrane method can avoid the above problems.
In the current research, it has not been found that someone directly uses submerged ultrafiltration to pretreat FGD
wastewater. Therefore, this paper innovatively proposed to directly use ceramic ultrafiltration membrane to treat
FGD wastewater, which can ensure effluent quality and improve the flexibility of the pretreatment system. In this
paper, the performance of submerged ultrafiltration membrane for the filtration of FGD wastewater from a power
plant was studied to optimize the filtration performance and improve the effluent quality. The effects of operating
parameters such as membrane permeate flux, aeration rate and filtration/backwashing time combination on the
membrane performance were studied. The results showed that when the filtration/backwashing time combination
was 15 min/30 s, with the increased in permeate flux from 55 L/(m2·h) to 100 L/(m2·h), the steady transmembrane
pressure (TMP) increased from 39 kPa to 70 kPa, and the fouling rate increased significantly from 4.5 kPa/h to
7.3 kPa/h; When the aeration rate increased from 10 m3/(m2·h) to 30 m3/(m2·h), the membrane pollution was
much reduced. Excessive aeration rate cannot further alleviate the membrane pollution, but also brought greater
energy consumption; Increasing backwashing time can effectively inhibit the formation of gel layer on the surface
of the membrane and prolong the initial stage of low-pressure operation; The rejection of suspended solids (SS) and
turbidity of the equipment studied in this paper can reach more than 99% under various working conditions, which
can satisfy the water quality requirements of the subsequent steps. The submerged ultrafiltration membrane was
suitable for the pretreatment of FGD wastewater because it can ensure the quality of permeate under the premise
of long-term operation.
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1 Introduction

By 2020, China’s installed power generation capacity has reached 2.12 billion kilowatts, of which
thermal power generation accounts for 58%. Because China’s primary energy structure determines that
coal-fired power generation will continue to occupy a dominant position in the China’s power structure
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for a long time in the future [1]. Unfortunately, China’s electricity and water relationship management
has a profound challenge. This is due to the mismatch between coal reserves and water resources, as
well as the spatial distribution of China’s power demand and supply center [2]. To face this challenge,
countries have successively introduced stricter water-saving legislation. For example, in April 2015,
the State Council launched Water Pollution Prevention Action Plan [3]. In November 2015, the US
Environmental Protection Agency issued emission limited guidelines for the steam power generation
industry to strictly control water resource emissions from coal-fired power plants [4]. At present, wet
limestone-gypsum flue gas desulfurization (FGD) technology is the most commonly used technology
in coal-fired power plants in China [5,6]. In this technology, heavy metals, Cl− and SO4

2− in coal are
constantly enriched in the desulfurization slurry, leading to the decrease of desulfurization efficiency
and serious corrosion of equipment, so it is necessary to discharge this part of FGD wastewater
regularly [7]. Therefore, in the face of more stringent wastewater discharge standards, zero liquid
discharge (ZLD) of FGD wastewater in China is essential.

At present, most power plants in our country use triplet tank to treat FGD wastewater, that
is, neutralization, precipitation, and flocculation. Most metal ions are precipitated as hydroxides by
increasing pH, while heavy metal ions like Hg2+ and Pb2+ were precipitated by organic/inorganic
sulfides addition [8]. However, it is difficult to remove Cl− and SO4

2− from the wastewater. Moreover,
due to the submicron or nano size of metal precipitates, the traditional coagulation method has a lower
separation speed [9]. At the same time, the water quality of FGD wastewater is greatly affected by coal
quality, limestone composition, the operation mode of desulfurization device. Therefore, the FGD
wastewater of different coal-fired power plants is very different. In conclusion, it is necessary to select
a suitable ZLD process according to the water quality. A series of zero liquid discharge demonstration
projects with a variety of technologies have sprung up over the past few years. Jia et al. [10] adopted
the integrated technology of pretreatment, nanofiltration, and membrane distillation to achieve a
desalination rate of more than 99% and wastewater recovery rate of more than 92%. China Changxing
power plants adopted forward osmosis and evaporative crystallization technology, which can obtain
40%–60% wastewater recovery rate and remove Ca2+, Mg2+, Hg2+ and SO4

2- from wastewater [11].
Conidi et al. [12] achieved a total recovery of 94% on a laboratory scale using the integrated technology
of chemical softening, ultrafiltration pretreatment, reverse osmosis, and membrane distillation.

Compared with industrial wastewater with high salinity and high pollution, the FGD wastewater
not only has high salt content [13], but also the more prominent problem is that suspended solids
(SS) and turbidity in wastewater seriously exceed the standard [14]. High turbidity and high SS have
seriously limited the selection of FGD wastewater ZLD process routes. High SS and turbidity will not
only cause negative problems such as color and smell, but also raise the risk of adsorbing inorganic ions
and organic pollutants. These problems will enhance the instability and complexity of FGD wastewater
quality. In the process of ZLD of FGD wastewater, if the advanced treatment of SS and turbidity is
not carried out, the problems of blockage, scaling and corrosion of subsequent process equipment will
often be caused. Therefore, to ensure the long-term stable operation in the process of ZLD of FGD
wastewater, it is necessary to give priority to the pretreatment of SS and turbidity in the wastewater.

The pretreatment methods of FGD wastewater include chemical precipitation, electrocoagula-
tion and magnetic coagulation [15]. At present, chemical precipitation is the most commonly used
method in the pretreatment of industrial wastewater. By adding chemical reagents and coagulants to
wastewater, metal ions and SS in wastewater can be removed. Jia et al. [10] added calcium hydroxide,
sodium sulfate polyaluminium ferric sulfate, and polyaluminium chloride for chemical softening. After
treatment, the SS and reaction precipitate in the wastewater form flocculating precipitation. At the
same time, the removal rate of Ca2+ and Mg2+ were more than 75% and 90%. Li et al. [16] used
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polyaluminium ferric sulfate as coagulant and polyacrylamide as a coagulant aid to carry out chemical
sedimentation test on SS in FGD wastewater. Under the condition of optimal dosage, the removal
rate of SS in FGD wastewater can amount to 99%. Although chemical precipitation pretreatment
is easy to reduce the SS in FGD wastewater, it is difficult to manage and operate on the optimal
chemical dosage, especially in the face of large changes in the quality of FGD wastewater. And the
operation cost is high due to the secondary pollution caused by the consumption of chemicals and a
large amount of sludge [17]. Electrocoagulation has been extensively used in electroplating, chemical,
pharmaceutical, and other industrial wastewater treatment. Because this method has fast reaction
speed, simple operation, small amount of sludge, and no need to add additional chemical agents
[18]. Zhang et al. [19] electrolyzed FGD wastewater by using the Fe electrode and optimized the
electrolysis time and applied voltage. The experimental results showed that most SS and colloids can
be removed, and some heavy metal ions can be precipitated or adsorbed by forming the hydroxide.
However, the application of this method in FGD wastewater treatment is limited due to the high
energy consumption, fast electrode consumption, high operation cost, less wastewater treatment and
other problems [20]. Magnetic coagulation has been proved as an effective upgrade technology for
traditional coagulation, which has been applied in wastewater treatment [21]. The magnetic seed
promotes the formation of flocs, which has the following advantages: 1) high separation rate; 2)
high SS remove efficiency and stability, promote the removal efficiency of dissolved matters; 3) more
compacted flocs and chemical sludge reduction [22]. Zheng et al. [9] pretreated FGD wastewater with
polyaluminium chloride, polyacrylamide and hydrated lime as coagulant, flocculant and coagulant
aid respectively and Fe3O4 as magnetic seed. When 2 g/L magnetic seed was utilized, the turbidity
of the supernatant was close to 4.4 g/L, and the SS removal rate was as high as 100%. The amount
of chemical sludge was halved, and the settling time of flocs was reduced from 30 min to 3 min.
At the same time, the researchers found that when the magnetic seed content continues to rise, the
turbidity in the supernatant will increase. Because too much magnetic seed ion collision will lead to the
breaking of the flocs during the mixing process [23]. Therefore, in the practical application of treating
FGD wastewater with a large variety of water quality, it is difficult to manage and operate under
the optimal magnetic seed content. At the same time, compared with other pretreatment methods,
the cost increases due to the increase of magnetic seed feeding cost and magnetic seed reuse cost.
Therefore, magnetic coagulation technology has not been widely used on a large scale. To sum up, the
pretreatment method of FGD wastewater at this stage is difficult to meet higher and more stringent
environmental standards, and it is also difficult to achieve economic feasibility.

In recent decades, membrane separation technology has become a promising pretreatment and
separation technology because of its advantages of stable effluent, small floor area, and no need to
add chemicals [24]. Membrane and other nanoporous materials are considered as the key technologies
to solve the global water shortage problem [25]. In the past few decades, polymer-based membranes
have played a leading role in wastewater treatment and desalination. However, with the development
of technology, ceramic membranes have attracted worldwide attention due to their advantages of high
flux, high thermal stability, high mechanical stability, and narrow pore size distribution [26,27]. And
ceramic membrane have been applied to wastewater treatment with excellent results. According to the
different combinations of membrane modules and feed solutions to be separated, the filtration process
can be divided into cross-flow filtration and submerged filtration. Barredo-Damas et al. [26] used the
ultrafiltration ceramic membrane with the molecular weight cut of 30 kDa for cross-flow treatment
of textile wastewater. The rejection of COD, conductivity and turbidity reached 79%, 35% and 99%
respectively. However, because the circulating pump provides a higher feed liquid flow rate, the energy
consumption of the circulating pump is higher [28]. And the high shear force of the circulating pump
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with high-speed rotation will make the particle size smaller, which is not conducive to the control of
membrane pollution. Therefore, in recent years, people have gradually turned their attention to the
submerged filtration. Because the submerged filtration does not need to set up a circulating pump and
has low driving pressure, this process is gradually applied to the water treatment industry [29]. Sun et al.
[30] treated the Yangtze River water on a pilot scale and optimized the operation conditions (aeration
rate and backwashing). Under the optimum operating parameters, the turbidity of the effluent was
lower than 0.1 NTU, and no bacteria and Escherichia coli were detected in the permeate. In addition,
the average operating cost of submerged ultrafiltration was only 0.31 RMB/m3.

To show the commonly used pretreatment methods more conveniently, this paper summarizes
the above research status in Table 1. Through this table, we can find that the existing pretreatment
technologies generally have the problems of high operation cost, small processing capacity, and
poor flexibility. Therefore, membrane pretreatment provides a new idea for the treatment of FGD
wastewater. However, cross-flow filtration still has the problem of high energy consumption. On the
contrary, the submerged membrane method has low energy consumption, low operation cost, and high
flexibility. Therefore, through this table, we can more clearly highlight the advantages of submerged
membrane pretreatment.

Table 1: Common pretreatment methods

Author Method Result Shortage

Jia et al. [10] Chemical precipitation The rejection of SS was
99%. The rejection of
Ca2+ was 75%. The
rejection of Mg2+ was
90%.

Reagent use cost,
sludge treatment cost
and operation cost
were high.

Li [16] Chemical precipitation The rejection of SS was
99.3%.

It was difficult to
operate and manage
under the optimal
amount of reagent.

Zhang et al. [19] Electrocoagulation Most SS was removed;
The rejection of
turbidity was 99.2%.
The rejection of Cu2+

was 99.3%. The
rejection of Fe2+ was
99.9%.

The required energy
consumption was
high. The electrode
consumption was
fast. The wastewater
treatment capacity
was small.

Zheng et al. [9] Magnetic coagulation The rejection of SS was
close to 100%. The
turbidity decreased
from 56300 NTU to 4.4
NTU.

It was difficult to
operate and manage
under the optimal
magnetic seed dose.

(Continued)
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Table 1 (continued)

Author Method Result Shortage

Barredo-Damas
et al. [26]

Membrane The rejection of
turbidity was 99%. The
rejection of COD was
79%. The rejection of
conductivity was 35%.

The required driving
pressure and the
energy consumption
were high.

Sun et al. [30] Membrane Effluent turbidity was
less than 0.1 NTU. The
operating cost was only
0.31 RBM/m3.

The wastewater with
high turbidity and
high SS was not put
into practice.

At present, ceramic membranes have been successfully used in the desalination process, chemical,
metal, textile, food, and beverage industries. In the present work, an experimental platform for
the treatment of FGD wastewater by submerged ultrafiltration was built. The effects of membrane
permeate flux, filtration/backwashing time combination and aeration rate on membrane performance
were analyzed to improve the effluent quality, meet the water quality requirements of subsequent
processes, reduce membrane pollution, and ensure long-term continuous operation. The research
results can provide an insight into the application of ceramic membrane in the pretreatment of FGD
wastewater.

2 Materials and Methods
2.1 Water Quality Parameters

The FGD wastewater of a 330 MW thermal power plant in Hebei was collected. The power
plant adopts the wet limestone-gypsum desulfurization process to purify the flue gas. The power plant
adopts the traditional chemical precipitation, coagulation, precipitation integrated technology to treat
FGD wastewater. However, because the SS and conductivity of the power plant are very high and
vary greatly, the process performs poorly. The FGD wastewater treatment system of the power plant
is facing great challenges, such as poor performance, high dosage of chemicals, frequent blockage and
so on. Therefore, with the increasingly strict sewage discharge standards, the power plant must adopt
an advanced FGD wastewater treatment process. The water quality parameters are shown in Table 2.

Table 2: Composition of FGD wastewater

Item SS
(mg/L)

Turbidity
(NTU)

Cl-

(mg/L)
SO4

2-

(mg/L)
Na+

(mg/L)
Ca2+

(mg/L)
Hardness
(mg/L)

Conductivity
(ms/cm)

TDS
(mg/L)

Value 29160 27600 24100 6012 7806 2221 4998 60.2 31300

2.2 Ceramic Membrane
The membrane module was composed of five commercial ceramic membrane tubes. The specifi-

cations of this ceramic membrane are given in Table 3. The main reasons for choosing this ceramic
membrane are as follows: 1) Compared with fiber membrane, the ceramic membrane has high
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mechanical strength and good chemical stability. As we all know, FGD wastewater is weakly acidic
and has high solid content, which is easy to cause corrosion and wear to fiber membrane. However, the
ceramic membrane can avoid these problems. 2) Compared with other brands of ceramic membrane.
This ceramic membrane has higher mechanical strength. At the same time, compared with the ceramic
membrane with the same pore size, this model has a lower price and higher cost performance.

Table 3: Material characteristics and module details of the membrane used in this study

Item Description

Manufacture Hefei Qiangrui Energy Saving
Environmental Protection
Electromechanical Equipment Co., Ltd.
(China)

Surface area (m2) 0.03
Pore size (nm) 10
Membrane type Tubular
Length (cm) 80
Outer diameter (mm) 12
Inner diameter (mm) 8

2.3 Experimental System of Submerged Filtration Device
Figs. 1 and 2 respectively show the schematic diagram and actual experimental setup of the

submerged ultrafiltration experimental device. The device was mainly composed of the ceramic
ultrafiltration membrane module, blower, diaphragm pump, pressure vacuum gauge, electric valve, raw
material tank, permeate water tank, etc. The whole system operation was controlled by PLC. The FGD
wastewater was injected into the raw material tank which working volume was 100 L in advance. The
membrane module was submerged in the raw material tank, and the negative pressure was generated in
the ceramic membrane tube under the action of the diaphragm pump. At the bottom of the membrane
module, a distribution pipe for aeration was presented to remove the contaminants deposited on
the membrane surface. After each filtration cycle, the permeate was extracted for backwashing. The
permeate was sampled after six hours, and the rest of the permeate was returned to the raw material
tank to ensure the approximately constant liquid level and feeding conditions. In Fig. 1, the red line
represented the pipeline flowing through in the filtration process, the green line represented the pipeline
flowing through the gas provided by the air pump, and the black line represented the pipeline flowing
through in the backwashing process.

Combined with the actual application of ultrafiltration in China and the previous research status,
the effect of different membrane permeate fluxes (55, 70, 85, 100 L/(m2·h)) and filtration/backwashing
time combinations (10 min/10 s, 15 min/20 s, 15 min/30 s) on membrane pollution and effluent
quality were evaluated under the conditions of constant aeration rate of 20 m3/(m2·h) (based on the
bottom area of the raw material tank) and the constant backwashing flux of 125 L/(m2·h). After
that, the effects of aeration rates (10, 20, 30 m3/(m2·h)) on membrane performance were studied
under the conditions of membrane permeate flux of 70 L/(m2·h), backwashing flux of 125 L/(m2·h),
and filtration/backwashing time combination of 15 min/30 s. The permeate flux and TMP were
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continuously recorded by a flowmeter and pressure vacuum gauge every 30 min to describe the growing
trend of membrane fouling.

Figure 1: Schematic diagram of submerged ultrafiltration device

Figure 2: Actual experimental setup of submerged ultrafiltration device

2.4 Calculation Method
SS, turbidity and SO4

2− concentration were measured by multi-parameter water quality detector
(HT-400, Haiteer, China). Hardness and Cl− concentration were measured by multi parameter water
quality analyzer (HT-300, Haiteer, China). Na+ concentration was measured by a microcomputer
type sodium ion meter (PXS-Na, Haiteer, China). Ca2+ concentration was measured by micro-calcium
meter (PXS-Ca, Haiteer, China). Conductivity and TDS were measured by conductivity meter (DDSJ-
318, Haiteer, China).
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The filtration performance was evaluated using the parameters of membrane permeate flux (J),
rejection (R) and fouling rate, which were defined in the Eqs. (1)–(3).

J = ΔV
At

(1)

where ΔV is the difference of permeate volume, L; t is the duration of filtration, h; A is the effective
filtration area, m2.

R = Cf − Cp

Cf

× 100% (2)

where Cf is the concentration in feed liquid, mg/L; Cp is the concentration in permeate liquid, mg/L.

Fouling rate = TMPfinal − TMPinitial

t
(3)

where TMPfinal and TMPinitial are the final and initial TMP values of filtration, kPa; t is the duration of
filtration, h.

Although we had conducted repeated experiments under the same working conditions, there were
still uncertainties caused by some inevitable factors, such as some instrument errors and measurement
accuracy problems. Table 4 listed some possible uncertainties. These uncertainties accounted for a
small proportion compared with the whole experiment, so these uncertainties could be ignored in the
case of our accurate measurement and careful experiment.

Table 4: Measurement degree of uncertainty

Measured parameters Degree of uncertainty (±)

Pressure 0.4%
Flow 4%
SS 5%
Turbidity 5%
Viscosity 5%

2.5 Resistance Analysis
The permeability of the membrane is affected by the resistance of water flow, which is opposite

to mass transfer. The resistance reflects the blocking state of the membrane. It can be measured by
the permeate flux of the membrane and the viscosity of the wastewater, and calculated according to
Darcy’s law [31].

Resistance-in-series models [32] of membrane fouling often subdivide the total membrane resis-
tance (Rt) into intrinsic membrane resistance (Rm), cake layer resistance (Rcr), pore blockage resistance
(Rpb), and concentration polarization resistance (Rcp). Moreover, a new experimental procedure was
established to measure the different filtration resistance components, and thus to better understand
membrane/foulant interactions and factors affecting membrane performance.

The protocol to measure resistance analysis data were as follows:

1. The pure water was filtered using a clean ceramic membrane and the stable TMP (Pw0) was
recorded.
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2. Under the same conditions, the FGD wastewater was filtered using a clean ceramic membrane,
and the stable TMP (Pw1) was recorded.

3. The ceramic membrane after filtering the FGD wastewater was directly put into the pure water,
then the stable TMP (Pw2) was recorded.

4. After backwashing the used ceramic membrane, rinse the residual impurities on the membrane
surface with pure water. Finally, under the same conditions, the pure water was filtered by the
ceramic membrane and the stable TMP (Pw3) was recorded.

The relation of various resistance components were illustrated in Eqs. (4)–(8).

Rm = Pw0

μwJ
(4)

Rt = Pw1

μFGDJ
(5)

Rcp = Rt − Pw2

μwJ
(6)

Rpb = Pw3

μwJ
− Rm (7)

Rcr = Rt − Rcp − Rpb − Rm (8)

where μw and μFGD are the pure water and the FGD wastewater viscosity, Pa·s; J is the permeate flux,
L/(m2·h).

2.6 Ceramic Membrane Cleaning
After each test, the ceramic membrane used in the test was cleaned to remove irreversible fouling

and restore membrane permeability. Membrane cleaning procedures include tap water washing and
ultrasonic cleaning. Tap water was used to wash for 5 min to remove the cake layer on the membrane
surface, and then the membrane module was submerged in the ultrasonic bath of the high-power
generator of 15 min to remove the irreversible dirt in the pores. Before each ultrafiltration experiment,
a pure water experiment was carried out to evaluate the membrane permeability. The experimental
results showed that the above cleaning can restore the membrane permeate flux well.

3 Results and Discussion
3.1 Effect of Membrane Permeate Flux

Fig. 3 shows the effects of different membrane permeate fluxes (55, 70, 85, 100 L/(m2·h)) and
different filtration/backwashing time combinations (10 min/10 s, 15 min/20 s, 15 min/30 s) on filtration
performance, under the condition of constant aeration rate of 20 m3/(m2·h) and constant backwashing
flux of 125 L/(m2·h).

For different membrane permeate fluxes, the change of TMP has the same trend, that is, TMP
increases slowly at first, then increases sharply, and finally, the growth rate slows down and tends to
be stable. At the initial stage of filtration, macromolecular organic matter is deposited on the surface
of the membrane to form a uniform gel layer. A part of the membrane hole is covered by the gel layer,
showing a slight increase in TMP at the macro level. With the filtration process, large particles of
pollutants in FGD wastewater, such as SS, are easily accumulated on the outer surface of the gel layer.
The aggregated contaminants form the cake layer, which shows a substantial increase in TMP at the
macro level. However, with the extension of the operation time, the system enters the sub-stable period.
Due to the effect of aeration and backwashing, the convection and reverse transport of particles of the
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membrane surface reach a balance. Therefore the accumulation of pollutants on the membrane surface
gradually tends to dynamic balance, which shows that the growth rate of TMP slows down. Similar
trends were reported elsewhere in the treatment of domestic wastewater by submerged microfiltration
[33]. Scanning electron microscopy (SEM) revealed that two layers of sediment were found on the
surface of the membrane. The outer surface of the membrane was a uniform gel layer, and a thick
layer of cake layer was uniformly wrapped outside the gel layer.

Figure 3: TMP varies with time (filtration/backwashing time combinations are 10 min/10 s, 15 min/20 s
and 15 min/30 s, aeration rate is 20 m3/(m2·h), and backwashing flux is 125 L/(m2·h))

For the same permeate flux, different filtration/backwashing time combinations have an obvious
effect on the change of TMP. For example, according to Fig. 3b, when the time combination changed
from 10 min/10 s to 15 min/20 s, then to 15 min/30 s, the initial duration of low TMP changed from



EE, 2022, vol.119, no.6 2287

1 h to 2 h, then to 3 h. This indicates that at the initial stage of filtration, membrane fouling is less
compressible, resulting in a loose cake layer. Therefore, increasing the backwashing time can effectively
remove the cake layer on the surface of the membrane and alleviate membrane fouling. However, with
the progress of filtration, the pollutants are gradually compacted, and the backwashing effect becomes
worse.

By comparing Figs. 3a–3d, it can be found that with the increase of permeate flux, the stable
TMP increases. For example, when the filtration/backwashing time combination was 15 min/30 s,
the permeate flux changed from 55 L/(m2·h) to 100 L/(m2·h), and the stable TMP changed from
39 kPa to 70 kPa. This is because in the case of lower permeate flux, the cake layer produced by the
system is thinner and the degree of compression is smaller, so the membrane fouling is lighter. With
the increase in membrane permeate flux, the migration and deposition speed of particulate matter and
organic matter to the membrane surface is higher. In addition, the concentration polarization becomes
larger, which promotes the rapid formation and accumulation of membrane fouling. Therefore, it is
necessary to select a suitable permeate flux. This not only helps to reduce the difficulty of removing
the compacted cake layer by hydraulic cleaning, but also helps to reduce the energy consumption of
the diaphragm pump.

3.1.1 Evaluation of the Fouling Rate

Fig. 4 shows the effect of membrane permeate fluxes on membrane fouling under constant
permeate flux operation. In the submerged filtration mode, the deposition rate of particles and
organic matter on the membrane surface will increase with the increase of membrane permeate
flux. For example, when the permeate flux changed from 55 L/(m2·h) to 100 L/(m2·h) and the
filtration/backwashing time combination was 15 min/30 s, the fouling rate changed from 4.5 kPa/h
to 7.3 kPa/h. The result shows that the fouling rate of particles of the membrane surface may depend
on the permeate flux used in the filtration process. The change of fouling rate of different membrane
permeate fluxes may be due to the formation of the different cake layer structures. When the membrane
permeate flux is low, the required TMP is small, which has a great influence on the thickness of the
cake layer. Resulting in the formation of a thicker cake layer, but has little influence on the increase of
the cake layer density. But under the condition of higher membrane permeate flux, the required TMP
is larger, so not only a thicker cake layer will be formed, but also a dense cake layer will be formed
[34]. The trends of fouling rate are similar with Sergio et al. [35]. In the study of this article, the fouling
rate was directly proportional to the permeate flux applied in the filtration process. And this ratio was
related to the compression degree of the cake sediment at high permeate flux. The higher the permeate
flux was, the smaller the porosity of the cake layer was, which led to a higher fouling rate.

Fig. 4 also shows that different filtration/backwashing time combinations can affect the degree
of membrane fouling. For the same membrane permeate flux, such as 70 L/(m2·h), the fouling rates
corresponding to different time combinations (10 min/10 s, 15 min/20 s, 15 min/30 s) were 5, 5.8,
5.5 kPa/h, respectively. Although the backwashing time of 15 min/20 s was longer than that of
10 min/10 s, the final fouling rate was faster. It may be due to the formation of a more dense cake layer
on the membrane surface with the increase of filtration time. However, the reversibility of the pollution
of the dense cake layer is poor, and it is not easy to remove it by hydraulic cleaning. Therefore, although
the backwashing time is increased, the final fouling rate increases.
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Figure 4: Effect of membrane permeate flux on fouling rate

3.2 Effect of Aeration Rate
The effects of aeration rates (10, 20, 30 m3/(m2·h)) on membrane performance were studied under

the conditions of membrane permeate flux of 70 L/(m2·h), backwashing flux of 125 L/(m2·h), and
filtration/backwashing time combination of 15 min/30 s.

The Fig. 5 shows that the stable TMP is 58 kPa at the minimum aeration rate, which is increased
by 13 kPa compared with the stable TMP of 45 kPa at the maximum aeration rate. It can be seen that a
larger aeration rate can produce more bubbles with a higher flow rate, enhance the scouring ability of
the cake layer, and effectively reduce membrane pollution. However, for the experiments with aeration
rates of 20 m3/(m2·h) and 30 m3/(m2·h), the effect on the stable TMP was small, and the difference
between them was only 3 kPa. This shows that in a certain range of aeration, increasing the aeration
rate can enhance the ability to wash away the pollutants on the membrane surface and wash away the
looser pollutants on the outermost layer of the cake layer. This slows down the pollution to a certain
extent. However, if the aeration rate continues to increase, it is difficult to wash away the denser cake
layer after washing away the outermost layer of the cake layer. Therefore, although the aeration rate
is increased, there is no significant difference in the stable TMP. In conclusion, in a certain range,
increasing the aeration rate can effectively alleviate membrane pollution. However, excessive aeration
can not further alleviate membrane pollution, but also increase the energy consumption of the blower.
Therefore, considering the effectiveness of aeration rate in membrane pollution control, 20 m3/(m2·h)
is the best aeration rate of the system.

3.3 Quality of Permeate
Due to the entrainment of limestone, gypsum and part of silica from the desulfurization tower, the

concentration of SS and turbidity in FGD wastewater are very high. After ultrafiltration membrane
treatment, no matter what working conditions were adopted, the rejection of SS and turbidity can
reach more than 99%.
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Figure 5: Changes of TMP under different aeration rates

Fig. 6 shows the effects of different membrane permeate fluxes (55, 70, 85, 100 L/(m2·h)) and
different filtration/backwashing time combinations (10 min/10 s, 15 min/20 s, 15 min/30 s) on
the concentration change of SS in the permeate under the condition of constant aeration rate of
20 m3/(m2·h) and constant backwashing flux of 125 L/(m2·h).

Figure 6: The concentration change of SS in permeate

It can be seen from Fig. 6 that different filtration/backwashing time combinations have a certain
impact on the concentration of SS in the permeate. For example, under the working condition of
70 L/(m2·h), the concentration of SS in the permeate changed from 4.00 mg/L to 5.20 mg/L with dif-
ferent filtration/backwashing time combinations. This phenomenon can be explained by the formation
of the cake layers with different thicknesses under different filtration/backwashing time combinations.
The cake layer acts as a dynamic membrane and barrier, which has the effect of secondary filtration.
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Therefore, after filtration for 6 h, the larger the stable TMP of the system is, indicating that the cake
layer formed on the membrane surface is thicker, which leads to less SS in the permeate.

Fig. 7 shows the effects of different membrane permeate fluxes (55, 70, 85, 100 L/(m2·h)) and
different filtration/backwashing time combinations (10 min/10 s, 15 min/20 s, 15 min/30 s) on the
concentration change of turbidity in the permeate under the condition of constant aeration rate of
20 m3/(m2·h) and constant backwashing flux of 125 L/(m2·h). It can be seen that the effect of different
permeate fluxes on turbidity, that is, increasing the permeate flux will lead to a small decrease in
the rejection. For example, for the filtration/backwashing time combination of 15 min/30 s, when the
permeate flux increased from 55 L/(m2·h) to 100 L/(m2·h), the turbidity in the permeate increased from
3.7 NTU to 6.0 NTU. This is due to the increase in permeate flux and TMP required for operation,
which leads to the increase of convective transport of solute to the membrane surface. Therefore, the
number of particles near the membrane surface increases. The concentration polarization is serious
and the membrane pollution is intensified. Due to the increase in the number of particles attached
to the membrane surface, a higher concentration gradient is generated. The significant increase in
the surface concentration can further provide the driving force for the particles to pass through the
membrane pore. The driving force will lead to more particles impurities passing through the membrane
pore and entering into the permeate, resulting in more turbidity in the permeate.

Figure 7: The concentration change of turbidity in permeate

The ion concentration and conductivity of the permeate after 6 h under different permeate fluxes
and different filtration/backwashing time combinations are listed in Table 5.

Table 5: Ion concentrations after six hours of filtration under various conditions

Item Cl-

(mg/L)
SO4

2-

(mg/L)
Na+
(mg/L)

Ca2+
(mg/L)

Hardness
(mg/L)

Conductivity
(ms/cm)

TDS
(mg/L)

55
L/(m2·h)

10 min/10 s 23360 5890 7721 2179 4810 58.5 30860

15 min/20 s 23514 5982 7783 2192 4992 59.1 31095
15 min/30 s 22985 5921 7765 2180 4895 59.6 30985

(Continued)
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Table 5 (continued)

Item Cl-

(mg/L)
SO4

2-

(mg/L)
Na+
(mg/L)

Ca2+
(mg/L)

Hardness
(mg/L)

Conductivity
(ms/cm)

TDS
(mg/L)

70
L/(m2·h)

10 min/10 s 23602 5998 7794 2199 4952 59.7 31156

15 min/20 s 23356 5921 7763 2165 4910 59.1 30968
15 min/30 s 22984 5876 7759 2162 4892 58.6 30912

85
L/(m2·h)

10 min/10 s 23568 5963 7793 2197 4986 59.6 31215

15 min/20 s 23156 5910 7713 2134 4912 58.9 30943
15 min/30 s 23235 5890 7759 2165 4965 59.1 31059

100
L/(m2·h)

10 min/10 s 23125 5910 7735 2187 4923 59.1 30924

15 min/20 s 23897 5987 7791 2198 4997 60.1 31256
15 min/30 s 23561 5621 7762 2192 4968 59.5 31015

Combined with these data, as expected, the rejection of the system for various ions and conduc-
tivity was less than 5% and did not change significantly with time. This is because the membrane pore
diameter is larger than the ion radius, and the ion rejection is not controlled by the mechanical rejection
effect, so there is no significant change in the ion rejection rate. However, it can be observed that the
concentration of ions in the permeate decreases slightly, which may be caused by the weak Donnan
Effect between ions and the ceramic membrane surface. The electrostatic repulsive force generated in
this way can realize slightly ion rejection [36].

3.4 Resistance Analysis of Membrane Fouling
Table 6 shows the composition of membrane resistance under different permeate fluxes and

different filtration/backwashing time combinations.

Table 6 shows that Rm is related to only membrane properties and is considered to be a constant
value of 49.02 × 1010 m−1, about 30% of the total mass transfer resistance. This essentially determines
that the ceramic membrane with this pore size has the characteristics of high rejection and low
permeability [37].

Table 6: Resistances obtained from the fitting of experimental data to the resistance-in-series model

Item Rm
(×1010 m−1)

Rcr
(×1010 m−1)

Rpb

(×1010 m−1)
Rcp

(×1010 m−1)

55
L/(m2·h)

10 min/10 s 49.02 82.77 9.58 8.68

15 min/20 s 49.02 100.04 9.77 9.21
15 min/30 s 49.02 84.67 9.60 8.95

70
L/(m2·h)

10 min/10 s 49.02 86.13 8.59 9.05

15 min/20 s 49.02 100.78 8.35 9.47
15 min/30 s 49.02 87.19 8.22 9.21

85
L/(m2·h)

10 min/10 s 49.02 88.91 7.59 9.14

15 min/20 s 49.02 101.63 7.32 10.34

(Continued)
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Table 6 (continued)

Item Rm
(×1010 m−1)

Rcr
(×1010 m−1)

Rpb

(×1010 m−1)
Rcp

(×1010 m−1)

15 min/30 s 49.02 89.21 7.56 9.37
100
L/(m2·h)

10 min/10 s 49.02 92.41 6.72 9.43

15 min/20 s 49.02 105.69 6.08 11.36
15 min/30 s 49.02 100.83 6.79 10.72

As expected, Rcr is the biggest resistance encountered during the ceramic ultrafiltration of FGD
wastewater, about 60% of the total mass transfer resistance. Due to the high concentration of SS
and turbidity in the FGD wastewater, it is easy to adsorb on the surface of the ceramic membrane
to form a thick cake layer, which results in the largest share of the total mass transfer resistance.
For the same filtration/backwashing time combination, such as 15 min/30 s, Rcr increased with the
increased of permeate flux. This is because when the permeate flux increases, the required TMP
becomes larger, which makes the pollutant particles in the wastewater flow strongly to the membrane
surface. This phenomenon makes the cake layer more compact and aggravates the degree of membrane
pollution [38].

It can be found from Table 6 that Rpb accounts for a small proportion of the total mass transfer
resistance and makes a small contribution to membrane fouling. Rpb decreases with the increase
of permeate flux. For example, for the condition with filtration/backwashing time combination of
15 min/30 s, when the permeate flux changed from 55 L/(m2·h) to 100 L/(m2·h), Rpb was the change from
9.60 × 1010 m−1 to 6.79 × 1010 m−1. This phenomenon can be understood as a result of the deposition
of a thick cake layer on the membrane surface and the compressibility of the cake layer. When the
permeate flux increases, the required TMP increases, resulting in a denser cake layer. At the same
time, because the dense cake layer forms faster and covers the membrane surface, the pollutants are
not easy to enter into the membrane pores, so Rpb decreases.

3.5 Membrane Cleaning Efficiency
An important problem of membrane application is pollution, so membrane cleaning is an

important operation of membrane filtration systems in wastewater treatment. Therefore, we conducted
a systematic filtration experiment to study the cleaning efficiency of the selected ceramic membrane.
Fig. 8 shows the pure water permeate flux of ceramic membrane measured before and after the
filtration experiment. Generally speaking, the pure water permeate flux of the unused membrane was
measured first. Then cleaned the used membrane, measured the permeate flux of pure water, and
compared the difference between the two. If the permeate flux of pure water of the used membrane
can reach more than 90% of that of the unused membrane, it indicates that the membrane cleaning
meets the requirements. Fig. 8 shows that the cleaned membrane module can restore its permeability
and meet the requirements of reuse.
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Figure 8: The pure water fluxes of unused and cleaned membrane at different TMP

4 Conclusion

Membrane technology can solve the problems of high operation cost, small processing capacity
and poor flexibility in traditional pretreatment technology. Especially the submerged ultrafiltration
technology can further reduce the cost. In the current research, it has not been found that someone
directly uses submerged ultrafiltration to pretreat FGD wastewater. Therefore, this paper innovatively
put forward the scheme of directly pretreating FGD wastewater with ceramic membrane, so as to
reduce the operation cost of traditional pretreatment methods and improve the flexibility of the
pretreatment system. Meanwhile, an experimental platform for pretreatment of FGD wastewater by
submerged ultrafiltration was built. The experimental study was carried out to improve effluent quality
and reduce membrane pollution. The effects of membrane permeate flux, filtration/backwashing time
combination and aeration rate on membrane performance were analyzed. The following conclusions
were drawn:

1. Membrane permeate flux had a significant effect on membrane fouling. For the same fil-
tration/backwashing time combination, such as 15 min/30 s, when the membrane permeate
flux increased from 55 L/(m2·h) to 100 L/(m2·h), the fouling rate increased from 4.5 kPa/h to
7.3 kPa/h. Selecting the appropriate membrane permeation flux can not only keep the filtration
process running for a long time, but also reduce the extra power consumption of the pump.

2. Backwashing can effectively remove the cake layer on the membrane. As the backwashing time
was changed from 10 s to 30 s, the initial low-pressure operation increased from 1 h to 3 h.

3. When the aeration rate increased from 10 m3/(m2·h) to 30 m3/(m2·h), membrane pollution can
be effectively alleviated. However, excessive aeration rate can not further alleviate membrane
pollution, but will increase the energy consumption of blower.

4. The ceramic membrane had good separation performance for SS and turbidity, which can
reach more than 99% under various working conditions, and the permeate basically met the
requirements for turbidity and SS content in the follow-up process.

5. A new experimental procedure was conducted to realize the performance further of the ceramic
UF membrane and its fouling mechanisms. The present results showed that Rm remained
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unchanged; Rcr increased with the increase of permeate flux; Rpb decreased with the increase
of permeate flux.

This paper provides a new method for the efficient and low-cost pretreatment of FGD wastewater.
In the future, we will continue to study the permeate produced by ceramic membrane ultrafiltration
through nanofiltration membrane to remove divalent ions and organics in wastewater, reduce the
scaling in the follow-up process of zero liquid discharge of FGD wastewater, and provide guidance
for the engineering application of ceramic membrane in pretreatment of FGD wastewater.
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