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Abstract: The treatment of wastewater from the iron and steel industry is difficult due to its complex
and changeable characteristics. This paper introduces the application of polyvinylidene fluoride
(PVDF)-pressurized ultrafiltration membrane with low packing density that produced via thermally
induced phase separation (TIPS) in wastewater of iron and steel industry, to study the effects of
packing density of ultrafiltration membrane modules as well as the membrane performance under
different operation conditions, in order to provide guidance for the subsequent development of
other ultrafiltration applications in wastewater of iron and steel. The results show a significant
positive effect of smaller packing density on the transmembrane pressure difference (TMP) reducing
and higher permeability. Under 30 min filtration cycle and 65 L m~2 h~! (LMH) operation flux,
the permeability can be stabilized to 200 L/ (m2-h)/0.1 MPa, which is two times higher than that
of the membrane module with 0.3 m?/m3 higher packing density under the same condition. It is
obvious that compared with enhanced flux maintenance (EFM), chemically enhanced backwash
(CEB) is a more effective cleaning method for iron and steel wastewater, which maintains TMP
(30 kPa) without any significant increase under the premise of ensuring the high-flux (65 LMH)
operation. The results also suggest reasonable parameters based on the test water quality, which
include the filtration cycle and operation flux. The scanning electron microscopy (SEM) analysis and
the turbidity of the permeate show that the ultrafiltration membrane has good intercept ability and
high anti-pollution performance.

Keywords: steel industry wastewater; ultrafiltration; packing density; membrane cleaning;
membrane fouling

1. Introduction

As an important natural resource, water is an indispensable resource for human life
and production. It is of great significance for promoting social and economic development
and promoting the progress of civilization [1-3]. At present, the world is facing a serious
water resource crisis, and a quarter of the world’s population is facing water shortages [4].
In order to alleviate the water crisis, the recycling of industrial wastewater has become
an important way to solve the water crisis, alleviate the shortage of water resources, and
increase the supply of water resources [5-8].

The iron and steel industry is one of the five major water-consuming industries
in China. Water consumption in this industry accounts for 20% of the total industrial
water consumption, and its wastewater discharge accounts for 11.3% of the total industrial
wastewater discharge [9]. In 2020, the annual output of crude steel in China was 1065 billion
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tons, with the water demand per ton of steel reaching about 25 T and the fresh water
consumption about 2.8 T [10]. However, among the current steel companies, the recycling
and treatment of sewage are obviously insufficient, and increasing environmental pollution
is traced back to steel companies [11]. To realize the sustainable development of the iron and
steel industry, it is necessary to strengthen the recycling of wastewater resources. The iron
and steel industry has multiple production processes, and the composition of wastewater
is complex [12]. The pollutants are mainly related to suspended solids, chemical oxygen
demand (CODcy;), hardness, alkalinity, oils, salts, etc. The complexity, fluctuation, and high
conductivity of water make wastewater treatment more difficult [13,14].

Wastewater reuse technologies in the iron and steel industry include physical and
chemical water treatment, biochemical water treatment, membrane separation and con-
centration, and end treatment technologies [15]. Among them, ultrafiltration membrane
separation technology is a pressure-driven separation process that can be effectively dis-
tributed through micropores distributed on the membrane surface. The interception of
bacteria and suspended matter, as well as the CODc,, total phosphorus, and total nitrogen
carried by the suspended matter, is one of the more mature technologies in recent years and
is widely used in various fields of water treatment [16,17]. Compared with the traditional
advanced treatment technology, the ultrafiltration technology has a simple structure, high
degree of automation, convenient operation, small area in the process of iron and steel
wastewater treatment, and has great advantages in the removal of suspended solids and
microorganisms [18].

For the application of ultrafiltration technology in the wastewater treatment process,
many scholars have conducted in-depth studies on this subject, but the practical application
of this technology in wastewater treatment of the iron and steel industry and establishing a
standard system are not yet perfect [19-22]. The main factors affecting the performance
of ultrafiltration are filtration cycle, flux, cleaning mode, and the structure of membrane
modules, in which the packing density and the effective length of membrane fiber have
the most significant influence on the structural design of modules and become important
research directions of each manufacturer.

The fouling rate of modules with low packing density will be greatly reduced since
the flow distribution of single fiber changed relatively less, while the flow distribution of
modules with high packing density (usually greater than 0.8 m? /m?) is uneven, where more
driving pressure exists on the feed side. In the meantime, the hydraulic resistance along the
fiber cannot be ignored under the condition of high packing density and long fiber length,
as the changes in the driving force in the axial direction along the membrane fiber will
lead to uneven force and unbalanced fouling [23]. Therefore, with similar fiber lengths, the
difference in packing density will become an important influence on filtration performance.

In this study, the effect of ultrafiltration membrane on the treatment of steel wastewater
was analyzed, taking the wastewater treatment of a steel enterprise in Shandong, China,
as an example, the filtration performance was compared between the membrane module
with low packing density and the modules with the same membrane length and other
conditions but with higher packing density. Meanwhile, the effects of the filtration cycle,
operating flux, and cleaning method on the performance of the membrane module with low
packing density were also investigated, to provide a valuable reference for the ultrafiltration
treatment process of steel wastewater.

2. Materials and Methods
2.1. Wastewater Effluent
In this study, the wastewater came from an iron and steel enterprise in Shandong,

China. The water quality characteristics of the wastewater entering the ultrafiltration
system after pretreatment can be observed in Table 1.
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Table 1. Main characteristics of the wastewater effluent used in this study.

Item Unit Parameter
CODCr mg/L 19-36
Turbidity NTU 3-5
SS mg/L 5-10
Total hardness mg/L 167-249
Cl- mg/L 176-227
Electrical conductivity ps/cm? 1240-1641
Total dissolved solids mg/L 772-913
Petroleum mg/L <0.04
Anionic surfactant mg/L <0.05
Fe mg/L <0.46
Mn mg/L <0.05
BODs mg/L <20
Chromaticity °© <30
Total P mg/L <1
NHy,-N mg/L <1
pH 6.8-7.9

2.2. Ultrafiltration Setup

The ultrafiltration process was a membrane separation process with screening as the
separation principle and pressure as the driving force. The ultrafiltration membrane can
effectively remove suspended solids and various macromolecules in the solution according
to its size and trap them outside the membrane. Solvent and small molecules entered the
water-producing side through the membrane hole with water. The ultrafiltration membrane
module for iron and steel wastewater treatment was the SMT900-P80 module of Beijing
Sino Membrane Technology Co., Ltd. (Beijing, China), for the comparison, SMT600-P50,
another membrane module of the company, was adopted, which had similar fiber length
but higher packing density. The high-precision PVDF hollow fiber ultrafiltration membrane
prepared by TIPS was adopted in both modules; it is a homogeneous cavernous structure
with characteristics of large throughput, long life, drug resistance, anti-fouling, etc. The
dynamic filtration process of the membrane module adopted the form of outside in and
inside out, the raw water flowed under pressure outside the membrane, and the intercepted
substances were removed with a concentrated solution, so as not to plug the membrane
surface. The technical parameters of the two modules are shown in Table 2.

Table 2. Technical parameters of membrane module.

Model SMT600-P50 SMT900-P80
Material PVDF PVDF
Membrane area (m?) 50 80
Membrane wire inner/outer diameter (mm) 0.7/1.3 0.7/1.3
Packing density (m?/m?3) 1.27 0.97
Effective fiber length (mm) 1958 2030

2.3. Process Method

Steel wastewater entered the ultrafiltration system after pretreatment, and the system
can automatically switch between constant-flux filtration mode and backwash mode.

In the comparison of the performance of membrane modules with different packing
densities, SMT900-P80 and SMT600-P50 were operated under the same conditions, with
a 30 min filtration cycle and 65 LMH operating flux. Backwashing was automatically
performed after each cycle. The backwashing process included 30 s of gas scrubbing, 45 s
of combined gas—water backwashing, and 30 s of water backwashing. As TMP increased
rapidly when high packing density modules were running, a chemical cleaning in place
was performed every 5 days during the operation of SMT600-P50 modules.
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During the filtration process, the intercepted impurities accumulated continuously
on the membrane surface, resulting in a concentration polarization phenomenon, which
reduced the permeability of the membrane. Reasonable operating conditions and cleaning
technology can slow down this phenomenon. Therefore, for SMT900-P80, the effects of dif-
ferent operating parameters on the filtration performance were carried out simultaneously.

The effects of three key factors on SMT900-P80 membrane performance—namely,
operating flux, filtration cycle, and cleaning mode, were investigated separately in the
operation of the ultrafiltration system. All projects were carried out at ambient temperature.
The whole process was divided into three stages: The first stage controlled the operating
flux of 70 LMH and the filtration cycles of 30 min and 40 min, while the second stage
determined the filtration cycle of 30 min and the operating fluxes of 60 LMH, 65 LMH,
and 70 LMH, respectively. The third stage determined the filtration cycle to be 30 min
with an operating flux of 65 LMH, and the cleaning methods were divided into CEB and
EFM. The membrane was soaked with 500 ppm sodium hypochlorite and dosed once a
day in CEB, and in EFM, the membrane was soaked with 2000 ppm sodium hypochlorite
and 500 ppm sodium hydroxide and dosed once every 10 days. A chemical cleaning in
place (CIP) was carried out with 2000 ppm sodium hypochlorite and 2000 ppm sodium
oxalate before the operating conditions were switched. Differential pressure transmitters,
temperature transmitters, and flow meters were provided on the water production side of
the system to check parameters such as differential pressure and water flux.

2.4. Membrane Performance Analysis

The transmembrane pressure difference is the pressure required to drive water through
the membrane. A membrane with a smaller pore size requires a larger transmembrane
pressure difference. When the water temperature is low, the flux is high, and fouling
occurs; an increase in transmembrane pressure difference leads to the solidification of the
fouling layer, resulting in irreversible fouling [24]. The transmembrane pressure difference
is calculated by Equation (1).

AP =P —Pp (1)

where P; is the inlet water pressure, and Py, is the produced water pressure.

The operating effectiveness of the membrane module was characterized by the pro-
duced water permeability. The produced water permeability (J) is expressed as the volume
of fluid that passed through a unit membrane area per hour when the transmembrane
pressure difference is 0.1 MPa. The degree of fouling and the calculation of the permeation
ratio of the produced water before and after the membrane cleaning is one of the important
methods to judge whether the cleaning plan is effective. The calculation formula of product
water permeability is shown in Equation (2). According to Equations (3)—(6), the flux
recovery ratio (Fy), total fouling ratio (R;), reversible fouling ratio (R;), and irreversible
fouling ratio (Ri;) were calculated, respectively [25].

1%

]:SxtxAP

@

where V (L) is the volume of permeable water, S (m?) is the effective area, and t (h) is the
operation time.

E = RN 100% 3)
Jo
Rt = (1 — ]P> X 100% (4)
Jo
Re= 11" T2 100% ()
Jo

Ry = (1 - h) % 100% 6)
Jo
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where ] is the initial water permeability of the membrane, ], is the produced water
permeability of the contaminated membrane after the operation, and J; is the produced
water permeability of the contaminated membrane after cleaning.

The retention performance test of the membrane used the turbidity of raw water and
produced water as parameters, and the retention ratio (R) was calculated according to
Equation (7).

R= (1 - Sl) % 100% @)
So

where S is the turbidity of the raw water, and S is the turbidity of the produced water.

2.5. Characterization Method

Turbidity was determined with a 6035 turbidimeter from Jenway. The microstructures
of the surface and cross-section of the membrane were characterized by FE-SEM (JSM-6701F,
Chiba, Japan).

3. Results and Discussion
3.1. Effect of Packing Density on Filtration Performance

One of the characteristics of ultrafiltration membrane fouling is the increase in TMP
and the drop of permeability. This paper focused on the changes of the membrane perme-
ability and TMP to evaluate the influence of packing density on the membrane filtration per-
formance by continuous monitoring. As shown in Figure 1, the permeability of the SMT600-
P50 membrane module was stable between 50 L/(m?2-h)/0.1 MPa-110 L/(m?-h)/0.1 MPa
during the whole year’s operation, and six sets of membrane systems showed similar
trends—namely, that the permeability of SMT600-P50 reached 95 L/ (m2~h)/ 0.1 MPa-
105 L/ (m?-h) /0.1 MPa after chemical cleaning but only about 50 LMH at the end of each
filtration cycle. By contrast, SMT900-P80 yielded a better result under the same condition,
with 30 min filtration cycle and 65 LMH operating flux; permeability was able to be sta-
ble at higher than 200 L/ (m?2-h)/0.1 MPa for the whole one week cleaning cycle, which
was two times of original module, as shown in Figure 2. TMP increase curve showed
a similar trend—aside from the average TMP of SMT600-P50 being three times higher
than SMT900-P80, the TMP increase in the single filtration period occurred significantly
more rapidly.
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Figure 1. Variation trend of (a) permeability and (b) TMP of 6 sets of SMT600-P50 membrane systems
(1#, 24, 34, 4#, 5# and 6#).
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Figure 2. Performance comparison between SMT600-P50 and SMT900-P80.

The differences between the two modules indicated that the packing density plays
an important role in the performance of membrane modules. The gap between fibers
was the path of water flow, and it also promoted mass transfer through fibers. Favorable
hydrodynamic conditions existed inside the low packing density modules, and the cen-
tral fiber and the top of the fiber maintained high flux, resulting in uniform permeation
distribution. Therefore, the SMT900-P80 module with low packing density had superior
filtration performance. For the modules with higher packing density, the fluid flow velocity
increased due to the space limitation, and the permeation distribution along the fiber length
was uneven. At the same time, the fluid flux of the central fiber was significantly lower
than that of the external fiber. Therefore, filtration occurred preferentially in the central
fiber and the bottom of the fiber, resulting in a decrease in effective filtration area, serious
local pollution, and an increase in TMP.

Therefore, this inevitably leads to an increase in cleaning frequency and a reduction in
membranes’ service life. Another study introduced the concept of net present value (NPV)
to evaluate the economics of ultrafiltration systems, and the results showed that an increase
in cleaning frequency will bring more chemical agents and energy consumption, which
directly leads to the increase in investment costs per ton of water produced [26]. At the
same time, too frequent cleaning will inevitably lead to reduced membrane service life,
which has an important impact on the NPV value of the whole life cycle. When the service
life of membrane modules is less than 3 years, the economic benefits of the whole plant are
greatly reduced. In particular, the wastewater quality of the steel industry is more complex,
and the possibility of fouling is greater than other applications; thus, in consideration of the
overall investment and floor area and other factors, modules with lower packing density
should be selected first.

3.2. Effect of Operating Parameters on Filtration Performance of SMT900-P80

In order to further determine the suitable operating conditions of the SMT900-P80
module, the effects of the filtration cycle, operation flux, and cleaning mode on the filtration
performance of the SMT900-P80 module were investigated.

The continuous operation process of the ultrafiltration system is an alternating process
of filtration and backwashing. The filtration cycle refers to the time interval between the
two backwash phases of the ultrafiltration membrane system. Under constant membrane
flux operating conditions, extending the filtration cycle can greatly increase the water
production ratio of the ultrafiltration membrane system. Figure 3a shows the trend of
produced water permeability with operating time under the conditions of an operating flux
of 70 LMH and filtration cycle of 30 min and 40 min, respectively. After the 30 min filter
cycle was completed, CIP was performed, and it was changed to a 40 min filter cycle. It
can be seen that the water permeability decreased significantly when the filtration cycle
was 30 min, while the changing trend was more moderate when the filtration cycle was
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40 min. After running for the same time, the water permeability at 30 min filtration cycle
was always higher than 40 min. At 30 min filtration cycle, the fouling layer was loose and
easily removed by backwashing, so the water permeability fluctuated more. However,
if the filtration cycle is extended excessively, the membrane module will be in working
condition for a long time, and the fouling will be deposited on the membrane surface
gradually to block the membrane pores with the membrane filtration process. The filter
cake layer will accumulate and become dense, which will lead to regular backwashing to
restore the membrane’s performance effectively, thus increasing membrane fouling and
even causing irreversible fouling. This was confirmed by the trend of the corresponding
transmembrane pressure difference in Figure 3b, where the transmembrane pressure differ-
ence increased after a period of operation. Therefore, the operation of the ultrafiltration
system should choose the appropriate filtration cycle according to the actual situation,
and the filtration cycle can be appropriately increased under the premise of ensuring high
filtration performance.

400
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300
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200
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Permeability (L/(m? H)/0.1 MPa)

100
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40
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20

Operation Time (day)
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Figure 3. Variation trend of (a) permeability and (b) TMP under different filtration cycles.

Membrane flux is one of the important factors reflecting membrane performance.
High membrane flux means more water can be treated per unit time and unit area. An
ultrafiltration system operating with high membrane flux for a long time can treat the same
amount of water, which can effectively reduce the frequency of membrane cleaning and
replacement and reduce the operation cost. Figure 4a shows the trend of water permeability
with operating time for a filtration cycle of 30 min and operating fluxes of 60 LMH, 65 LMH,
and 70 LMH, respectively, with CIP before each change of operating flux. Under the three
operating flux conditions, the water permeability declined rapidly in the early stage and
then stabilized. When using 70 LMH operating flux, the stable zone of water permeability
was significantly shorter and fluctuated more than other flux conditions, and the rapid
decrease in water permeability appeared again in the middle and late operating curves.
At the lower fluxes of 60 LMH and 65 LMH, the membrane fouling was not significant,
and the fouling accumulated on the membrane surface to form a looser cake layer, so
backwashing could remove the fouling well and prevent the further decrease in water
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permeability. A high membrane flux of 70 LMH accelerated the process of membrane
fouling and accumulated a large amount of fouling on the membrane surface in a short
period of time. As can be seen in Figure 4b, the differential pressure across the membrane
for the 70 LMH operating flux increased rapidly, to 50 kPa, resulting in solidification of
the contaminant cake layer, which was difficult to remove by backwashing, thus forming
irreversible contamination. Meanwhile, it can be seen in Figure 4c,d that the fouling layer
on the membrane surface with an operating flux of 70 LMH was thicker and denser than
that with 65 LMH. Therefore, to ensure the stability of the system operation, the operating
flux should not exceed 65 LMH.
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Figure 4. Variation trend of (a) permeability and (b) TMP under different operating fluxes, and

microstructure of membrane outer surface after one-week operation at (¢) 65 LMH and (d) 70 LMH
operating fluxes.

A reasonable cleaning method during the operation of the ultrafiltration system can
effectively improve the filtration performance of the membrane and reduce the cleaning
cost. Under the conditions of a filtration cycle of 30 min and an operating flux of 65 LMH,
two cleaning methods, CEB and EFM, were used to clean the membrane. EFM was used on
the 10th day of operation, and CIP was performed before switching to the CEB cleaning
method. Figure 5a shows the changing trend of water permeability with running time
under different cleaning operation conditions; the decreasing trend of water permeability
under the CEB method was not obvious, and relatively stable, while the water permeability
recovery ratio was higher and more fluctuating due to the addition of chemical reagents in
the backwashing process every day. Although the frequency of adding reagents in the EFM
method was reduced, the dosage was large, and the trend of decreasing water permeability
was obvious, and because of the long operation without chemical reagents, the filter cake
layer became thick or even solidified, resulting in the insignificant recovery ratio of water
permeability after cleaning; thus, the overall water permeability was lower than the CEB
method. Therefore, CEB could ensure the stability of the system and would presumably
continue to reduce the amount of chemical use, reducing operating costs. Figure 5b shows
that the TMP of the EFM increased sharply and reached 100 kPa by the end of the operation,
while the TMP of the CEB started to stabilize after a small increase in the initial stage and
was maintained around 30 kPa, which largely reduced the energy consumption.
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Figure 5. Variation trend of (a) permeability and (b) TMP under different cleaning methods.
3.3. Effect of SMT900-P80 Membrane Retention on Water Turbidity

In order to determine the water treatment performance of the SMT900-P80 module, the
turbidity and retention ratio of the wastewater before and after treatment were analyzed.
Figures 6 and 7 show the effects of different operating parameters on the turbidity and
retention ratio, and it can be seen that the turbidity of the produced water was at a low
level, the percentage of water with turbidity below 0.1 NTU was higher than 99.9%, and
the percentage of water with turbidity below 0.05 NTU was higher than 99%. Operating
parameters had little effect on the turbidity of the produced water. This was also confirmed
by the changing trend of produced water turbidity in Figure 7b. The produced water
turbidity fluctuated slightly in a very low range, and the trend difference was also caused
by the raw water turbidity. The average turbidity of the influent water, as shown in
Figure 6a, was 2.59 NTU, and the average retention ratio was 98.56%. The average turbidity
of the influent water, shown in Figure 6b, was 3.56 NTU, and the average retention ratio was
99%. The average turbidity of the influent water, shown in Figure 7a, was 0.45 NTU, and
the average retention ratio was 90.03%. These results indicate that the effect of membrane
on turbidity was positively correlated with the influent turbidity, and the trend of retention
ratio was consistent with the influent turbidity—the higher the influent turbidity, the higher
the retention ratio of ultrafiltration membrane. According to the data in Figure 3, under
the condition of high influent turbidity, the water permeability quickly dropped below
20 L/(m2-h)/0.1 MPa, and TMP quickly rose to 40 kPa, while the data in Figure 5 under
the condition of low turbidity show that the water permeability was maintained above
250 L/(m2-h)/0.1 MPa, and TMP was kept near 30 kPa, indicating that, although the
high influent turbidity does not affect water quality, it increases energy consumption and
chemical reagent usage, resulting in lower membrane life.
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Figure 6. The influence of (a) filtration cycle and (b) operating flux on turbidity and retention ratio.
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part with a turbidity of 0.02-0.06 NTU in (a).

3.4. Membrane Fouling Ratio and Reversibility of SMT900-P80 Module

In order to analyze the effect of operation mode on fouling ratio during membrane
filtration, the fouling ratios for different operating conditions of the SMT900-P80 module
were investigated. Figure 8a shows the total fouling ratio, reversible fouling ratio, and
irreversible fouling ratio calculated from the middle and last operation data during different
filtration cycles. The difference between the total fouling ratio of 40 min and 30 min
filtration cycle was not significant, but the irreversible fouling of 30 min filtration cycle was
significantly lower than that of 40 min, especially in the early stage of operation. Figure 8b
shows the fouling of the membrane at different operating fluxes; as can be observed, the
increase in the volume of treated water led to an increase in the total fouling ratio and
irreversible fouling ratio, and the total fouling ratio and irreversible fouling ratio of the
high-flux (70 LMH) operation were significantly higher than the values of the low-flux
(60 LMH and 65 LMH) operation. Figure 8c shows the fouling of the membrane before and
after the EFM cleaning method and that at the end of the CEB operation method. The total
fouling ratio and irreversible fouling ratio were significantly higher in the EFM cleaning
method than in the CEB method, and the irreversible fouling ratio was greatly reduced in
the CEB cleaning method, which was due to the accumulation and compaction of fouling,
caused by long time chemical-free cleaning, which was avoided by the CEB method.
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Figure 8. The influence of filtration cycle (a), operating flux (b), and cleaning method (c) on membrane
fouling resistance of SMT900-P80 module.

3.5. Membrane Fouling Mechanism of SMT900-P80 Module

The microstructures of the fouled membrane inner surface, cross-section, and outer
surface in Figure 9 show that, after fouling, some of the membrane pores on the membrane
inner surface were blocked, the membrane cross-section still maintained porous structure,
and the membrane outer surface was seriously fouled with a thick fouling layer. This
indicates that the retained material was enriched on the outer surface of the membrane, and
the inner surface of the membrane was basically not fouled, while the inner surface of the
membrane was partially blocked due to the lack of flow and backwashing process, which
increased fouling entering the inner surface of the membrane. The microstructure of the
membrane after cleaning showed that the inner surface of the membrane had regained its
porous structure, and the blockage of membrane pores had basically disappeared. Although
no thick fouling layer could be observed on the outer surface of the membrane, there were
still many pores that were blocked. This indicates that during operation, with the increase
in treated water volume, the fouling accumulated on the outer surface of the membrane
and formed a fouling layer, and TMP gradually increased and compacted the fouling layer,
forming irreversible fouling.
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(b)

(d)

(e) )
Figure 9. Microstructures of the (a,b) inner surface, (c,d) cross-section, and (e,f) outer surface of the
fouled and cleaned membranes of SMT900-P80 module.

From the analysis results of element distribution on the outer surface of the membrane
before and after cleaning in Table 3, it can be seen that the fouling elements were mainly O,
Mn, and Fe, with the content reaching more than 10%, and a small amount of Na, Al, Si,
Fe, S, P, and Ca. At the same time, the content ratio of C and F elements was much higher
than those of the PVDF membrane. This result reveals that organic fouling and inorganic
fouling existed at the same time, and the fouling degree was significant. After cleaning,
only a small amount of O and Si remained, and the content ratios of C and F were close to
those of the PVDF membrane, which indicates that the membrane had good reversibility of
chemical cleaning. After cleaning, only a small amount of O and Si remained, and the ratios
of C to F were greatly reduced, but they were still higher than those of the PVDF membrane,
indicating that, although the inorganic fouling was basically removed, a small amount of
organic fouling existed. The membrane had good reversibility of chemical cleaning.

Table 3. EDS analysis of fouled and cleaned membrane outer surface of SMT900-P80 module.

Fouled Membrane Cleaned Membrane
Element Mass/% Element Mass/% Element Mass/%
SK 0.32 PtM 543 SiK 0.03
Na K 0.43 FK 10.68 OK 3.09
CukK 1.3 Mn K 13.09 PtM 3.7
Si K 1.34 Fe K 15.82 CK 43.77
PK 1.97 CK 16.62 FK 49.41
CakK 2.38 OK 26.59

AlK 4.02
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4. Conclusions

The comparison results of the two membrane modules showed that, under similar
effective membrane fiber lengths and same operation conditions, modules with lower
packing density had more benefits for the whole system in terms of permeability and TMP;
the SMT900-P80 module with lower packing density significantly reduced the average
TMBP, up to 60-70%, and increased permeability, up to 100%, which would indirectly lead
to the difference in cleaning frequency and service life.

Meanwhile, the pilot test of SMT900-P80 PVDF hollow fiber ultrafiltration membrane
module in the steel industry’s wastewater treatment showed that the prolongation of filtra-
tion cycle and increase in operating flux during the operation would degrade the filtration
performance of the membrane, and the percentage of irreversible fouling would increase
significantly after long-term operation. Compared with EFM, CEB was a more effective
cleaning method. It could maintain TMP (30 kPa) without any significant increase under
the premise of ensuring the high-flux (65 LMH) operation of the membrane module, saving
energy consumption, and presumably reducing the operating cost by further reducing the
chemical reagents used in the cleaning process. After its operation, the proportion of water
produced with turbidity below 0.05 NTU was more than 99%. The turbidity of the influent
had a higher impact on the membrane retention ratio but little effect on the turbidity of
the product, and the increase in influent turbidity led to a sharp increase in TMP, which
increases the frequency of cleaning and chemical reagent usage. The results of this pilot
test provide valuable points of reference for the industrial application of ultrafiltration
membrane treatment of steel industry wastewater.
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