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ABSTRACT

The diarrhoea-causing parasitic protozoan Cryptosporidium parvum (C. parvum) cannot be efficiently removed by
conventional drinking water treatment and poses a biological threat to public health. To ensure the biological
safety, three kinds of metallic membranes, laminating metal mesh filter, non-woven metal filter and sintered
metal fiber filter were employed to compare their properties. The results showed that the sintered membrane
possessed the best filtration performance and lowest membrane resistance among three metallic membranes.
Therefore, the sintered membrane was selected for subsequent experiments. Due to the low infectious dose of C.
parvum and sophisticated detection methods, fluorescent particle tracers, Crypto-tracer-1, were chosen as a
feasible surrogate was proposed to investigate the removal efficiency of sintered membrane for C. parvum. The
results indicated that the tracer log removal value (LRV) ranged between 5.1 and 5.4 log10 under different
filtration flux, which equivalently means that C. parvum could be completely removed and further tests are
needed to confirm the results obtained using C. parvum. Furthermore, a pilot-scale study was performed for 10
weeks in full-scale drinking water treatment systems. The turbidity could be efficiently removed (outlet water of
membrane was 0.08 = 0.04 NTU) and the average transmembrane pressure recovery rate was 84.6% after
physical backwash. Fouling mechanism analysis indicated that the interaction energy between foulants and
membrane material became stronger over time. The practical operation results showed that sintered membrane
performed well in continuous operation for a long time and also had a good anti-pollution ability. These findings
could facilitate application of metallic membrane in drinking water treatment.

1. Introduction

States Environmental Protection Agency (US EPA) has promulgated the
Interim Enhanced Surface Water Treatment Rule to control the con-

Water quantity and quality underpin global development and sus-
tainability. It is well known that the most of the raw waters in the world
were polluted by pathogenic microorganisms, like Salmonella, Vitriol
cholera, Cryptosporidium parvum (C. parvum) and so on [1]. The drinking
water were threatened by biological contamination widely. A dramatic
illustration of this effect was the outbreak occurred in Milwaukee,
Wisconsin during the spring of 1993. Unfortunately, approximately
400,000 people were infected even though the utility met the re-
quirements of the Safe Drinking Water Act [2]. And it has been gen-
erally recognized that C. parvum is a key significant diarrhoea-causing
parasitic protozoan found both in humans and animals. Ensuring water
security is a serious challenge from human health to the techno-eco-
nomics of energy production [3]. Meanwhile C. parvum is so difficult to
be inactivated with conventional treatment system [4-6], the United

centration of C. parvum in drinking water for the first time. In China, the
new standards for drinking water quality (GB5749-2006) has been fully
implemented since July 1, 2007, in which both Giardia and C. parvum
are not allowed to be detected. As for the water treatment processes, the
Safe Drinking Water Act (SDWA) Amendments of USA has forced water
treatment professionals to consider the non-conventional treatment
processes, such as membrane technologies, which would be capable of
meeting the anticipated standards [7]. As an advanced process com-
pared with conventional processes (e.g., coagulation, sedimentation,
sand-filtration and chlorine disinfection), membrane technologies, such
as Ultrafiltration (UF) and Microfiltration (MF), have been demon-
strated to be a very efficient process to meet the requirements for pa-
thogens (such as Giardia and C. parvum), turbidity, and virus removal
through their physical removal characteristic. The potential range of
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applications for membrane as well as research concerning various sys-
tems processes in water and wastewater treatment become more im-
portant and are spread all around the world [8].

Recently, some microplastics (MPs) were being detected in the
treated water even through there were no MPs in the raw water [9].
Some MPs contamination may be produced in the water treatment
processes and this might be verified by the material compositions of
detected MPs that correspond to the polymer types used in the supply
chain, such as the polymer membrane material. The organic membrane
has the disadvantage of weak structure, temperature limited and is
prone to denature and be contaminated, resulting in a shorter service
life [10]. Although the organic membrane is cheaper than inorganic
membrane, such as metallic membrane, it can be speculated that the
organic membrane material may have the potential risk of leaking MPs
into the water in long term operation. As one of the inorganic mem-
brane, the metallic membranes were researched initially in 1979 [11].
Due to differences in manufacturing materials and processes, the main
advantages of metallic membranes over organic ones are long term
durability, strong structural integrity, high thermal stability (> 200
degree centigrade) and chemical stability in wide pH [12-14]. In gen-
eral, metallic membranes favor applications under harsh temperature
and chemical conditions, whereas organic membrane has the ad-
vantages of being economical and mass produced [10]. In comparison
with the conventional another microfiltration membrane (manu-
factured by organic material and ceramic) with the same pore diameter,
the metallic membranes show tighter pore size distribution and higher
porosity, which guarantees that particles will not move into the filter
material and the membrane have a lower resistance itself. Due to the
aforementioned advantages as well as gradual reduction in cost, the
metallic membranes open up new fields for applications in many dif-
ferent industries, such as chemical industry, laboratory technology,
medical technology and drinking water treatment technology.

Previous researches have applied metallic membrane to component
separation and acquired preferably effect. T.J. Phelps et al. [15] used a
mixture of fluorescent polystyrene microspheres ranging in size from
0.5 to 6 um in diameter simulated microorganisms in metallic mem-
brane filtration studies and found that the membrane with 0.6 um pore
size could efficiently remove those small particles. Soo Hoon Choi et al.
[16] used fluorescent particles with diameters of 0.5-0.7 um to test the
integrity of microfiltration membranes with nominal pore sizes of
0.25pum. They found that the outflow mass of fluorescent particles
depend linearly on the size of damage of membrane. Ree-Ho Kim et al.
[17] used a metallic membrane for efficient and safe utilization of
rainwater, and reported that metallic membranes were suitable to
clarify rainwater because of their high removal rate of microorganisms
and particulates. M.E. Aalami-Aleagha et al. [18] applied a prepared
metallic layer as a perm selective film for filtration of glucose solution.
The result certificated that the water flux was appropriate, and the
prepared membrane was able to remove glucose from water efficiently.
However, early studies of metallic membrane focused on gas separation
and wastewater treatment other than drinking water and long-term
research was not available. Therefore, it is necessary to explore the
pathogenic microorganism and micro-particle removal characteristic of
metallic membrane in drinking water treatment as well as the perfor-
mance of the metallic membrane in long-term drinking water treatment
process.

Because of the low infectious dose of C. parvum, extremely sensitive
detection methods are required for water and food industries analysis
[19], of which process would takes a long time. Thus, a series fluor-
escent particle tracers were selected instead of the direct use of C.
parvum for more convenient and time-efficient analysis. Details will be
provided in section 2.2.

In this study, filtration characteristics of three different metallic
membranes (aminating metal mesh filter, non-woven metal filter and
sintered metal fiber filter) with same pore size 0.3 pm were detected.
These three metallic membranes were mad through three different

Journal of Membrane Science 594 (2020) 117434

Table 1
The Specification of metallic membrane.

Index Laminating metal Non-woven metal sintered metal
mesh filter filter filter

Membrane Fuji FP-0.3 Fuji FA-0.3 SIKA-RO.3AS

Figure index outer diameter25 x effective length 500 mm/per unit

Mode Pressurized from outer

Number of unit 2 units

Membrane area  0.08 m? (0.04 mz/per unit)

Materials SuUS316 SUS316L SuUS316

Thickness 1.66 mm 1.66 mm 2-3mm

Pore diameter 0.3 um 0.3 um 0.3 ym

Manufacturer Fuji Filter Fuji Filter Germany GKN
MGEF.CO.,LTD. MGEF.CO.,LTD. sinter GmbH

CO.,LTD.

manufacturing processes and by both stainless steel materials. The
sintered one has an asymmetric structure, meanwhile the other two
have symmetrical structures. These three different metallic membranes
were studied to explore the influence of different manufacturing pro-
cesses on the filtration performance for metallic membranes. Then the
sintered metal filters was chosen from these metallic membranes for its
good filtration performance and applied in the bench-scale experiment
with the purpose of removal of C. parvum in drinking water In order to
explore more about the sintered metal fiber performance in full-scale
drinking water treatment systems, a pilot-scale study was continuously
monitored for 10 weeksat a drinking water treatment plant in east
China. These findings presented here would facilitate application of
metallic membrane, providing more membrane material's selection for
drinking water treatment.

2. Experimental methods
2.1. Membrane module

The specification and the appearance of three metallic membranes,
Laminating, Non-woven and Sintered metal filters, are summarized in
Table 1.

2.2. The micro-particle removal characteristic experiment

The flow diagram of the micro-particle removal by three different
metallic membranes in the dead-end flow mode was shown in Fig. la.
The experiments were operated at the drinking water treatment plant
and the sintered metal fiber filter was selected as a model of membrane
by varying the water flow. The finished water of drinking water treat-
ment plant was filtered by nanofiltration in order to avoid the inter-
ference and influence of the particulate matter. And the treated water
was applied as experimental water for the microparticle removal
characteristic experiment of sintered membrane. The system was op-
erated with the various Tohcello PM series tracers with different dia-
meter produced by the Toshin Kagaku CO., LTD. The dispersion tracers
own the spherical shape and were made of bridging polymethacrylic
acid methyl polymers. In all cases, diameters of micro-particle tracers
ranged from 0.8 ~to 6.6 um. Three sorts of PM series tracers and
Crypto-tracer-1 are added in the experimental water mentioned above.
Especially, the Crypto-tracer-1 has the similar size of C. parvum and can
be easily distinguished due to its fluorescence. Further characteristics
are presented in Table 2. The Crypto - tracer - 1 was made of poly-
methyl methacrylate and provided by Toshin Chemical Industry Co.,
Ltd.

Apart from the micro-particle tracers introduced above, the
Microcystis aeruginosa (M. aeruginosa, FACHB-192), which was pur-
chased from the Freshwater Algae Culture Collection at the Institute of
Hydrobiology, Chinese Academy of Sciences, was also used to test the
characteristic of metallic membrane filtration as a kind of living and
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Fig. 1. The flow diagram of (a) metallic membrane filtration system, (b) pilot test at the drinking water treatment plant.

Table 2

The specifications of micro-tracers and C. parvum.
Index PM-3KTAV PM-4KTAV PM-5KTAV Crypto-tracer-1 M. aeruginosa C. parvum
Average particle size (um) 1.2 2.0 3.2 5.0 3.8 5.0
Gravity (g/cm3) 1.18 1.18 1.18 1.19 1.08-1.14 1.05-1.10
Variation index (%) 6.6 6.6 7.0 19.7 - -
Mesh (%) 12.9 16.1 20.7 8.8 - -
Materials Polymethyl methacrylate Polymethyl acrylate - -

Transmembrane Pressure (kPa)

b 400
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Fig. 2. The transmembrane pressure change of three membranes (a) under 150 m®/(m?d) flux treating raw water, (b) under different pure water flux.
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Fig. 3. Particles distribution of raw water and three different metallic membrane filtered water.

Table 3
The removal efficiency of micro-particles tracers and M. aeruginosa by sintered
metallic membrane under different filtration rate.

Tracers (average Flux Numbers of particles(count/ Removal efficiency
diameter) m®/ L)
m2d)
Raw water =~ Membrane (%) LRV
filtrate
PM-3KTAV 89 4.55E+10  3.59E+07 99.9212 3.104
(1.2 um) 48 1.17E+07 99.9742 3.588
25 1.38E+06 99.9970 4.518
PM-4KTAV 82 1.76E+10  6.23E+05 99.9965 4.451
(2.0 um) 47 1.07E+06 99.9939 4.216
24 3.53E+05 99.9980 4.697
PM-5KTAV 117 6.21E+09  2.27E+04 99.9996 5.438
(3.2um) 97 1.69E +04 99.9997 5.566
67 8.91E+03 99.9999 5.844
50 4.23E+03 99.9999 6.167
Crypto-tracer- 133 4.25E+08  4.06E+03 99.9990 5.148
1(5 ym) 100 2.01E+03 99.9995 5.325
52 1.52E+03 99.9996 5.445
M. aeruginosa 86 9.33E+09  6.36E+06 99.9318 3.166
(3.8 um) 45 7.04E +05 99.9925 4.122
27 6.23E+05 99.9933 4.175

biological tracer. The BG-11 medium was employed to provide suffi-
cient nutrients for algal growth of the M. aeruginosa, which is main-
tained in a growth chamber at 25 °C all day, with a 14 : 10 h light-dark
regime under an illumination of 5000 I1x [20]. When M. aeruginosa
achieved the stationary phase (harvested at 28d), the harvested algae
suspension was centrifuged at 10000g and 4 °C for 30 min. The algal
cells remaining both in the centrifuge tubes and on the filters were
collected and re-suspended with simulated water composed of 0.5 mM
CaCl,, 1.0mM NaHCOs3, and 15.0 mM NaClO,4 in Milli-Q water. Sub-
sequent experiments used this formula to dilute algae cells into ex-
perimental raw water according to the density requirement of experi-
ment.

2.3. The characteristics evaluation

In this study, the pilot tests were carried out at a drinking water
treatment plant in east China. The flux of metallic membrane filtration
system was controlled in the range of 50-150 m/d. The raw water was
filtered through convention treatment system and pressurized by a
feeding pump to the membrane module. The membrane module con-
tained 19 membrane elements and water was filtrated from the inside
channel of lumens to the outside of the element during filtration pro-
cess. All of the modules were set vertically and the raw water was fed

from the bottom side of the module, as shown in Fig. 1b. The turbidity,
total organic carbon (TOC) of membrane inlet and outlet water as well
as the transmembrane pressure of the membrane were investigated.

2.4. Sampling and measurements

For the selection of a metallic membrane, TOC and micro-particles
counter were detected by TOC4100 (Shimadzu, Japan), and MLC-7P
micro-particle counter, respectively. This micro-particle counter has 6
channels (1-2pym, 2-5pm, 5-10 ym, 10-15pm, 15-25pum, 25 pm-~).
The turbidity was detected by the portable turbidity meter (21000Q,
HACH, USA). The particularity of tracer was supplied by SEM (JMS-
5310LV, produced by Shimadzu Corporation).

The total cells count (TCC) of M. aeruginosa were performed by flow
cytometry [21,22]. Briefly, SYBR®-Green (Life) was diluted in dimethyl
sulphoxide (DMSO) at the ration of 1:100. Samples of 500 pl was col-
lected, stained with 5L diluted SYBR®-Green (Life) and stained in-
cubated in the dark for 15 min at room temperature. Subsequently, cells
were counted on a FACSCalibur flow cytometer (BD). Results were
expressed in cells per milliliter (cells/mL).

2.5. Membrane fouling assessment

2.5.1. Interaction energy measurement

During the long-term operation test, the interaction energy per unit
area between foulants and metallic membrane was calculated based on
XDLVO theory [23]. Contact angles of ultrapure water, ethylene glycol
and diiodomethane were measured with the method.

In an aquatic environmental system, the adhesion free energy be-
tween a membrane and foulant is the sum of the Lifshitz-van der Waals
(LW), and Lewis acid-base interactions (AB), electrostatic double layer
(EL) [24], because the effect of EL could be ignored in terms of the
composition of the adhesion free energy [25], the interaction energy
AG{oT in this paper was described in Eq. (1).

AGiT = AGh, + AGh, 6]

f, m, w in the subscript represent the foulants, membrane and the
water, respectively.
AGjy, and AG}>, can be calculated as follows [26,27]:

(2)

AGjym =2 7&(ﬁ+ﬁ—\/ﬁ)+2\/ﬁ(\/ﬁ+\/y—f‘\/ﬁ)
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Fig. 4. The flow cytometry results of M. aeruginosa (a) in diluted 100 experimental water (described in section 2.2), (b) flux with 27 m®/m?d filtrated, (c) flux with

45 m®/m?d filtrated, (d) flux with 86 m®/m?d filtrated.

Through a measurement of contact angle according to Young's
equation [28] written as Eq. (4), the electron donating energy (y~), the
electron-accepting energy (y*) and the LW component (y*V) can be
obtained. The metallic membrane surface was treated as a solid for the
purpose of attaining surface energy parameters.

A + cos YT = 2(v Y + b + o) @

where the s in the subscript denotes the solid surface (metallic mem-
brane or foulant), the 1 refers to the liquid used in each measurement,
and the 6 represents the contact angles, which were measured by an
optical CA measuring instrument (OCA15EC, Dataphysics, Germany).
Before analysis, each virgin metallic membrane was pre-soaked in
Milli-Q water for at least 12h. All samples were dried at 40 °C in the

3

oven for 48h, and then the dried samples were measured at room
temperature (25 °C) at least 10 times to acquire the average contact
angle for each sample.

2.5.2. Membrane fouling resistance calculation
According to the Darcy filtration model and resistance-in-series
model, membrane fouling can be can be expressed as [23,29]:

4P
R =Ru+ R =Ry + Ry + Rpe = —

P, )

where R, (m™ V), Ry, m™Y), Re(m ™ 1Y), R, (m™ 1), Re(m ™ 1) are the total
filtration resistance, intrinsic membrane resistance, total membrane
fouling resistance, irreversible fouling resistance and reversible fouling
resistance, respectively. AP (Pa) is the transmembrane pressure; the
dynamic viscosity of permeate u (Pass) depends on the liquid and
temperature; J (m3/(m?ss)) is the permeate flux. In this study, the
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Micro-particle tracers

Fig. 5. Activated by UV fluorescence, (a) the micro-particle tracer (Crypto-tracer-1, 5um) in raw water (b) and in the sintered membrane filtrate effluent; (c) the
distribution of micro-particles tracers (PM-3KTAV, 1.2 um) in raw water, (d) in the sintered membrane filtrate effluent.

resistance that cannot be recovered by backwashing was called irre-
versible resistance. R;, and R,. could be calculated by the following
formulas:

Ry =—F —Rp

ul (6)
Ry = ﬁ - &

wJ uwl @)

whereAP, is the experimental TMP data obtained at the end of filtration
every filtration cycle, and AP, is the experimental TMP data obtained at
the start of the next filtration cycle after hydraulic backwashing.

3. Results and discussion
3.1. The characteristics evaluation of three metallic membrane

In this part, the outlet water of the sand filter at the drinking water
treatment plant was chosen as the experimental water and the device
diagram was shown in Fig. 1b. Considering water-processing ability and
economic factor, it is necessary to choose one kind of membrane with
high flux. The transmembrane pressure change of three membranes
under 150 m%/(m?d) flux was illustrated in Fig. 2a. Average filtration
resistance increase rate over the operation time was introduced to
evaluate membrane fouling. The average increase transmembrane
pressure of the sintered metal fiber filter (SKIA-R0.3AS) was 0.36 kPa/
d, which was the lowest among the three membrane modules. And the
results of the other two membrane modules, laminating metal mesh
filter (Fuji FP-0.3) and non-woven metal filter (Fuji FA-0.3) were
0.91 kPa/d and 4.03kPa/d, respectively. Compared with organic or
other inorganic membrane module, metallic membrane could run in the
high flux (150 m®/(m?d), about several times of the average flux in the
range between 2 and 2.5m/d of previous membrane module) at a low
or very same transmembrane pressure [30-33]. Apart from the well-
known advantages of stainless steel filter, the sintered metal fiber filter
took advantages in the self-supporting system, with the thickness of
2-3 mm while not causing a high pressure drop.

The results in Fig. 2b demonstrated the change of transmembrane
pressure under different flux treating pure water. The transmembrane
pressure increased accompanying with flux rising according to the
linearity relationship. Besides, self-resistance of all three membranes
can be obtained according to the Darcy filtration model as shown in
equation (5). By substitution of the data, the membranes self-resistance
Rm of SKIA-R0.3AS, Fuji FP-0.3 and Fuji FA-0.3 were 1.81 x 10°m™*,
4.67 x 10"™°m™! and 2.04 x 10''m™', respectively. The sintered one
has an asymmetric structure, meanwhile the other two have symme-
trical structures. Thus, the minimum membranes self-resistance of the
sintered metal fiber filter resulted in the lowest resistance increase rate
in Fig. 2a.

3.2. Performance of three metallic membrane in particle removal

The outlet water of the drinking water treatment plant was selected
as the experimental raw water. Both the particle distributions of the
raw water and filtered water from three types of metallic membrane
module were detected and shown in Fig. 3.

As shown in the above figure, the numbers of particles of tap water
were found around 95% in the range of 1 um-5 pm in the experimental
raw water and none was more than 25 pm. The numbers of the particles
in the filtrates of non-woven metal filter and sintered metal filter is
were both around 50-100 count/ml. The laminating metal mesh filter
was found to be poor of particles removal, and the particles could only
be removed at the level of 300 count/ml by this laminating membrane.
Among the three metallic membranes, the sintered metal fiber filter was
proved to be the best membranes for removing the particles at the level
of 50-60 count/ml, indicating that thickness and the method to make
metal filter dominated the efficiency of removing particles other than
pore diameter. A large number of particles were in the range of 1-2 pm
and there were less 10 count/ml in the range of 2-7 um in filtrates.

The experimental raw water turbidity was 0.16 = 0.05 NTU. Even
so, it could be further reduced to 0.10 = 0.04 NTU, 0.11 = 0.05 NTU
and 0.07 = 0.03 NTU by filtrating with laminating metal mesh filter,
non-woven metal filter and sintered metal fiber filter, respectively.
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Fig. 6. During the 10 weeks operational period, (a) the variations in flux, TMP and temperature; (b) both inlet and outlet water quality of the sintered membrane
model.
Table 4 factors and adding the different PM series, Crypto-tracer-1 micro-par-

Inlet and outlet water quality of sintered metallic membrane during the whole
operation.

Water quality index Inlet water Outlet water

Turbidity (NTU)
TOC (mg/L)

0.92 = 0.22
2.675 £ 0.775

0.09 = 0.04
2.025 + 0.313

Turbidity is a parameter used to reflect the content of suspended par-
ticles in water [34]. After running for a short time, filter cake layer
accumulated on the surface. The layer served as a thin separative layer
through mechanic sieving and intercepted most of the particles and
colloid, which elucidated that metallic membrane has an outstanding
removal capability of turbidity. The results depicted that the removing
rate of three metallic membranes on water particulate matter (such as
micro-particle and turbidity index) was obvious and the sintered metal
membrane had a better performance compared to the other two.
Therefore the sintered metal membrane was selected in the next bench-
scale and pilot-scale tests.

3.3. The micro-particle removal characteristic experiment
The characteristic of particles removal was carried out at the

drinking water treatment plant according to Fig. 1a. The raw water of
experiment was by NF module to exclude interfere caused by other

ticles and M. aeruginosa. The sintered membrane was employed as the
membrane model. The raw water and sintered membrane filtrate were
random sampled under different flux. The number of every sort of
particles and cells in raw water of experiment were controlled at 108-
10'° count/1. The results are shown in Table 3.

The data during the period were collected to evaluate the operation
and cleaning of the metallic membrane plant at the drinking water
treatment plant. The results shown in Table 3 indicated that all of
micro-particles were removed efficiently by the sintered membrane
when the flux ranged from 25 to 133 m3/(m?d).

The average removal efficiency of PM-5KTAV (3.2 um), PM-4KTAV
(2.0 um) and PM-3KTAV (1.2 um) is a 5log, 4log and 3log, respectively.
Especially, the average removal efficiency of Crypto-tracer-1(5.0 um)
and M. aeruginosa (3.8 pm) was a 5log and 3 - 4log under different flux.
The higher flux was selected, the lower removal efficiency was ob-
tained. Because crypto-tracer-1 could be excited to luminescence by
UV-Fluorescence, the number of particles is easy to be identified and
counted under SEM. Fig. 5 provided the micro-particle tracers (crypto-
tracer-1: 5um and PM-3KTAV: 1.2 um) in raw water and in metallic
membrane filtrate. As shown in Fig. 5c, some of the micro-particles
tracers would like to aggregate together and possess a bigger size due to
electrostatic attraction and hydrophobic action between the micro-
particles; furthermore, it will be easier for the aggregated group to be
filtered by sintered membrane. Under a higher flux, the micro-particles
tracers are less likely to stick together due to the stronger hydraulic
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Fig. 7. During the operation, (a) initial and final transmembrane pressure after backwash and total amount of filtered water on per unit area; (b) reversible and
irreversible fouling resistances of sintered membrane and linear fitting of irreversible resistances with operation cycles in every week.

Table 5

Average contact angles, surface tension parameters and interaction energy between membrane and foulant.
Sample name Contact angle (°) yw I y+ yAB yToT AGEW, AGRB AGROT

Owat Oeth Caii

virgin sintered membrane 83.32 54.52 33.72 - - - - - - - -
1st week's membrane 62.33 38.64 23.11 46.805 17.705 0.000 0.090 46.895 —8.322 —36.640 —44.962
4th week's membrane 59.18 34.88 19.33 47.977 19.835 0.001 0.282 48.258 —8.008 —39.253 —47.261
7th week's membrane 79.71 48.02 32.58 43.121 4.696 0.061 1.067 44.188 —6.990 —58.420 —65.410
10th week's membrane 83.55 61.24 43.36 37.880 6.073 0.022 0.727 38.608 —5.466 —56.019 —61.485

AGj,m is the interaction energy between metallic membrane and foulant, mJ/m?.

shear force, so that the removal efficiency was a little lower under a
higher flux. The same phenomenon was found in the filtration of M.
aeruginosa using sintered membrane (shown in Fig. 4 and Table 3).
Different from the crypto-tracer and PM-tracer, the M. aeruginosa pos-
sess some special characteristics such as compressibility [35]. More-
over, algal debris may appear in water due to interference factors such
as pump shear stress [36,37]. Therefore, the TMP would be higher and
the shear stress would be stronger under a higher flux, which allows
algal cells and debris to penetrate the membrane material and results in
a lower removal efficiency. Due to the pore blockage of membrane and
the formation of cake layer, the filtration capacity of the membrane
might be enhanced and the membrane could get a better removal ef-
ficiency for microorganisms with smaller size [38].

3.4. Pilot test of sintered membrane filtration

The pilot tests were carried out at drinking water treatment plant in
east China using sintered metal filter and the device diagram was
shown in Fig. 1b. At the initial stage, the membrane filtration operated
steadily, the transmembrane pressure was below 30kPa and the
membrane module had a certain practicality and durability (Fig. 6a).
Due to the short interval, the transmembrane pressure could almost
completely recover after back flush. However, when the running time
was over 7 week, the transmembrane pressure was speeded up and the
highest transmembrane pressure could reach 115.44 kPa, which was 6-
fold compare to the initial transmembrane pressure.

The turbidity of inlet and outlet water during the whole operation
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were 0.92 = 0.22 NTU and 0.09 = 0.04 NTU, respectively (Fig. 6b).
The average removal rate of turbidity was about 88.04%. During the
three months operational period, the outlet water of sintered membrane
remained steady was still under 0.13 NTU regardless of the running
time and the change of inlet turbidity, which mean the sintered mem-
brane had a good performance in turbidity removal. However, due to
the pore size, the ability of sintered membrane to remove organic
matter was limited. The average removal rate of organic matter was
about 24.32% during the three months operational period and the
outlet TOC was 2.025 = 0.313 mg/L as shown in Table 4.

Fig. 7a described the initial and final transmembrane pressure
variation in each filtration cycle. The final transmembrane pressure of
metallic membrane module increased from 1.4-fold to 3.8-fold when
the membrane run approximately 24 h, as expressed by the dark bars. A
new filtration cycle begun after backwashing, and the newly initial
transmembrane was marked using the light bars. The initial and final
transmembrane pressure were compared after each physical backwash,
Consequently, the average transmembrane pressure recovery rate was
84.6% and the transmembrane pressure increase of —3.7%-76%. The
metallic membrane appeared the phenomenon that the recovery rate of
backwashing decrease, while the transmembrane pressure increased
rapidly. The increased transmembrane pressure corresponded to the
part of hydraulically irreversible fouling and the physical cleaning of
water backwashing cannot effectively recover the membrane flux,
which means chemical cleaning should be applied.

The reason why the recovery rate of backwashing decreased was
owing to the irreversible membrane fouling. The membrane pore and
inner surface was clogged or adsorbed gradually by organic matter with
running time, which reduced the pore diameter and caused the for-
mation of irreversible fouling. It could be observed in Fig. 7b that the
irreversible fouling apparently increased with operation cycles in the
1st week. After 4 weeks' operation, the slope of the linear fitting of
irreversible resistance and operating cycles became less lower, which
meant that the irreversible resistance's increment was not clear and
irreversible fouling tended to be dynamically steady, meanwhile the
reversible fouling resulted from the formation of cake layers.

According to XDLVO theory, the contact angles of virgin metallic
membrane and the foulants after 1, 4, 7, and 10 weeks’ operation re-
spectively, were measured to calculate the adhesion free energies of the
membranes and the foulants. As shown in Table 5, the contact angle of
ultrapure water is correlated to the hydrophobicity of membrane ma-
terial; specifically, the contact angle of the virgin metallic membrane
was 83.32° and smaller than 90°, which meant a slight hydrophilicity of
the membrane. It also can be found that the ultrapure contact angle of
foulants increased with filtration. The higher water contact angle in-
dicates the stronger membrane hydrophobicity [27]. The result in-
dicated that the foulants adhering to the metallic membrane surface
might possess hydrophobic tendencies after filtration operation. In
Table 5, the adhesion free energies AGLo were negative values in
different weeks, showing an attractive effect between foulant and me-
tallic membrane [39,40]. A higher negative value of interaction energy
indicates stronger effect. There was a tendency that the attractive in-
teraction between foulants and metallic membrane became stronger
over operation time and the foulants were more easily absorbed in the
membrane pores or rapped on the membrane surfaces resulting in ir-
reversible membrane fouling.

4. Conclusion

Possessing the characteristic of long life durability, high structural
integrity and thermal stability, etc., three different metallic membranes
were employed to compare their filtration properties. Due to having the
best filtration performance and the lowest membrane resistance among
the three metallic membranes, the sintered membrane was selected to
explore the removal efficiency of C. parvum and evaluate the filtration
capacity in real drinking water treatment.

Journal of Membrane Science 594 (2020) 117434

In this study, a novel idea that fluorescent particle tracers were
chosen as a feasible surrogate was proposed to investigate the removal
efficiency of sintered membrane for C. parvum. The results indicated
that the C. parvum could be completely removed by sintered membrane.

Additionally, the sintered membrane operated steadily in 10 weeks’
operation. The average transmembrane pressure recovery rate was
84.6% after backwash. And there was a tendency that the attractive
interaction between foulants and metallic membrane became stronger
over operation time. The results indicated that the sintered membrane
had a good performance on anti-pollution. These findings provided that
the sintered membrane has wide application foreground in drinking
water treatment.
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