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Automated Testing Apparatus for Ceramic Membrane
Filtration of High-Strength Industrial Wastewater

Weiming Qi' and David A. Ladner?

Abstract: A common problem in laboratory-scale membrane research is that the testing methods in the laboratory are often quite different
than industrial applications due to the limitations of manual experimental setups. Here, an automated membrane filtration apparatus was built
in the lab to solve this problem by allowing long-term filtration, frequent backwash and clean-in-place (CIP), and high-accuracy operation.
The filtration system achieves different cleaning strategies for both theoretical research and practical water and wastewater scale-up experi-
ments. The embedded control algorithms achieve operational accuracy in terms of maintaining flux or transmembrane pressure (TMP) at their
desired set points. A flux-step function enables operators to measure critical flux automatically. The filtration system handles a variety of
microfiltration and ultrafiltration membranes in crossflow or dead-end mode with backwash integration, CIP capability, and aeration scour-
ing. Synthetic and raw rendering wastewater were applied to test the apparatus in the lab and in the field, respectively. The control algorithms
successfully dampened oscillations using custom calibration curves. Three backwash-CIP strategies were tested with both wastewater types.
The first was time-triggered backwash and cycle number—triggered CIP, which resulted in stable and reliable operation but required close
operator control and thus was not fully automated. The second strategy was time-triggered backwash with TMP-triggered CIP, which
responded quickly to water quality fluctuations and achieved full automation, but the TMP target had to be carefully set to enhance the
efficiency of CIP. The third strategy was target-TMP backwash with duration-triggered CIP, which can achieve the most advanced and
flexible filtration system, though setting up this level of automation complexity in the field was challenging. Both backwash and CIP frequen-
cies responded to real-time performance automatically. Ultimately, the automated lab-scale filtration apparatus operated similarly to full-scale
systems, which should help fill the gap between laboratory research and scale-up of industrial applications. DOI: 10.1061/JOEEDU.
EEENG-7337. © 2023 American Society of Civil Engineers.

Practical Applications: Laboratory membrane filtration research is usually different than industrial applications because lab workers are
limited in their ability to perform all the steps that are done at full scale. An automated filtration system can solve the problem by performing
continuous monitoring and control without user intervention. This paper provides detailed information about building and operating an
automated filtration apparatus. The apparatus can perform experiments in the lab or the field where water quality fluctuates. All the important
steps are included automatically: filtration, backwash, and CIP. This article discusses how to adjust the timing and the triggering of each step
for optimal performance. Other functions, like an algorithm to easily determine critical flux, are also described. This should allow other
researchers to build similar systems, thus making more laboratory work directly relevant to full-scale applications.

Author keywords: Membrane filtration; Automation; Cleaning strategies; Fats, oils, and grease; Industrial wastewater.

Background backwash and clean-in-place (CIP) steps are needed to maintain
membrane flux. Most studies of membrane fouling in the literature
focus on the filtration step; it is much less common to find experi-

ments where the backwash and CIP steps are included. This is a

Membrane technology is widely used in industrial applications of
water and wastewater treatment; however, membrane fouling in-

creases the resistance to water flow and decreases productivity,
which increases the operational cost and limits filtration perfor-
mance (Ezugbe and Rathilal 2020; Hube et al. 2019). Membrane
fouling is a particularly egregious challenge in high-strength indus-
trial wastewater such as in the rendering industry, where waste
streams have high concentrations of fats, oils, and grease (FOG)
(Zhou et al. 2015). With high-strength wastewater, frequent
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problem for high-strength wastewater applications because the
behavior of the membrane material in the context of backwash
and CIP may be much more important than the behavior of the
material in one short filtration-only test. For example, ultrafiltration
shows much better fouling reversibility during filtration of proteins
compared with microfiltration, which requires experiments having
multiple filtrations with backwash and CIPs (Marshall et al. 1993).
Unfortunately, testing membranes in the laboratory with multiple
cycles of filtration, backwash, and CIP is laborious. An automated
system would be useful to accomplish such work.

The high concentrations of FOG in rendering wastewater make
classical primary clarifier treatment less effective. Dissolved air
floatation (DAF) has a higher efficiency than primary clarification
for removing fats and proteins, thus making DAF the most often
used primary treatment method; DAF is employed in approxi-
mately 80% of slaughterhouse wastewater plants in the US
(Abboah-Afari and Kiepper 2012; Al-Mutairi et al. 2008; Johns
1995). One main problem with DAF is that the fats and proteins
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(which are recoverable and valuable products) are degraded dur-
ing aggressive aeration with microsized bubbles (Lo et al. 2005).
The caustic and acid used for adjusting pH before DAF also
increase the operational cost. To enhance the efficiency of aggre-
gation and material removal, coagulants and flocculants are nec-
essary (Bustillo-Lecompte and Mehrvar 2015). These additives
are undesirable because they reduce the value of the recovered
fat and protein stream. Operational challenges occur in DAF when
the wastewater quality fluctuates. Close control, skilled operators,
and customized chemical additives are often required to make
DAF feasible (Cheryan and Rajagopalan 1998).

Membrane technology can be an efficient alternative to DAF
with better effluent quality (Avula et al. 2009; Racar et al. 2017a;
Wandera and Husson 2013; Yordanov 2010; Zhou et al. 2015).
Membranes can be operated without coagulants and flocculants
so these chemicals will not be retained and will not affect the prod-
uct stream, though caustic and acid are required to clean the mem-
brane periodically for maintaining flux. The main limitation with
membranes is fouling, which reduces filtration performance and
increases operational cost (Mohammad et al. 2012). Fouling is
more severe for FOG wastewater than for other industrial and
municipal wastewaters. The properties of the membrane surface
can mitigate membrane fouling from some of the constituents, such
as hydrophilic surfaces decreasing fouling tendency from oil drop-
lets (Tummons et al. 2020), but proteins in FOG wastewater are
often zwitterionic, which causes high fouling tendency even for
membranes with hydrophilic surfaces (Maximous et al. 2009).
High frequency of backwash and CIP is more important for treating
FOG wastewater compared with other wastewater types; this am-
plifies the importance of system automation for FOG applications.

Lab-scale filtration experiments with FOG wastewater from the
literature usually employ manual systems without automation. It is
rare to find published performance studies that include backwash
steps and even rarer to find those that incorporate CIP steps. (When
membranes are cleaned between experiments, they are usually re-
moved from the system and cleaned manually.) Treatment of poul-
try processing wastewater (PPW) with ultrafiltration membranes
was studied to optimize the filtration performance with pH of
5.5-7, flow rate of 600-800 mLmin~!, and TMP of 10-14 psi,
without any backwashes and CIPs (Lo et al. 2005). Polyacryloni-
trile, polysulfone, and polyvinylidene difluoride membranes have
been tested for PPW with pressures of 50-80 psi to minimize the
membrane fouling without any online cleaning process (Abboah-
Afari and Kiepper 2012). The reuse of rendering plant wastewater
was carried out with three ultrafiltration membranes, two nanofil-
tration membranes, and one reverse osmosis membrane. Permeate
water quality and fouling tendency were the parameters evaluated
without any cleaning procedures (Racar et al. 2017b). PPW was
filtered with an ultrafiltration membrane at a pressure of 40 psi and
crossflow rate around 1 m/s to recover a nutritional by-product.
Backwashes and CIPs were not mentioned during the economic
evaluation of net revenue from by-product recovery. Some other
papers mention their cleaning process for removing the fouling be-
tween experiments but do not focus on cleaning procedures in their
laboratory analysis (Wandera and Husson 2013; Zhou et al. 2015).
To understand whether the results of these published studies of
FOG wastewater will be meaningful at full scale, backwash and
CIP steps would need to be incorporated into pilot experiments.
It is rare to find studies in the literature where membrane treatment
of FOG wastewater included frequent backwash and CIPs; thus,
this paper fills a knowledge gap.

The gap between lab experiments and industrial applications
occurs because industrial wastewater requires frequent backwash
and CIP. An automated filtration system is usually employed for
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industrial application. In contrast, backwash and CIP are challeng-
ing to accomplish in lab studies because most experiments are per-
formed manually or with partial automation. An operator must be
present to induce filtration and backwash, and chemical cleaning is
often done by removing the membrane from the system and clean-
ing by hand. These procedures increase the labor load and cause
investigators to keep their experiments short; many fouling tests
reported in the literature are completed in a few hours (Goswami
and Pugazhenthi 2020; Racar et al. 2017b). To mimic real systems
that operate for days and weeks (or even just for an overnight experi-
ment), automation is needed.

Manual operation also influences the operational accuracy. For
example, flux from low-pressure membranes is sensitive to trans-
membrane pressure (TMP). When a peristaltic pump is applied to
pull out the permeate, a real-time correction is necessary to main-
tain the permeate flowrate as the TMP increases. For most experi-
ments with peristaltic pumps for permeate suction, there was no
calibration of the pump speed as the TMP increased (Cho and
Fane 2002; Clech et al. 2003; Defrance and Jaffrin 1999; Kim
and DiGiano 2006). On the other hand, when TMP is required
to be maintained, the peristaltic pump should be corrected to pull
out less permeate for maintaining the TMP because of the accumu-
lation of membrane fouling. This is impossible for an operator to
precisely control because of the fine and frequent adjustments
needed.

The novelty of this paper is that a lab-scale membrane system
has been built that more completely mimics full-scale membrane
behavior by including automated backwash and cleaning. This
is especially important for high-strength industrial wastewaters
where the membrane behavior of interest cannot be explored with
short, manual experiments. This work helps fill the gap between the
lab and a full-scale plant because the lab system behaves more like
full scale. Here the basic control logic, the hardware setup, pro-
gramming the control system in LabVIEW, and challenges over-
come when combining components to achieve a complete unit
are described. The filtration system allows a variety of operational
modes for membrane scale-up research. Filtration, backwash, and
CIP can be triggered by different strategies. Crossflow, aeration,
and flux-step functions are also included for membrane challenge
experiments. Unique algorithms in the data acquisition and control
software successfully dampen oscillations that would otherwise oc-
cur when automatically controlling pump speed to target a particu-
lar flux or TMP. Complete details are provided so that others can
develop and build their own automated filtration systems. All func-
tions were tested in the lab using synthetic wastewater and in the
field using high-strength industrial wastewater at a rendering plant.

Materials and Methods

The membrane filtration system designed here aims to fulfill the
requirements of membrane filtration experiments that seek to
mimic industrial practice. During the operation process, filtration,
backwash, and CIP are essential steps. All steps were executed with
hardware like pumps and solenoid valves. The trigger of each
action was controlled and monitored with a software program.
Fig. 1(a) shows a photo of the filtration system.

Hardware

The system hardware can be divided into three types: basic com-
ponents, fluid-handling hardware, and electronic interface. Fig. 2
and Table 1 show the schematic and the components of the mem-
brane system, respectively.
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Fig. 1. Photos of the membrane system on a pallet unit and the details of its components: (a) oblique view of the whole system; (b) front panel housing
electrical components; (c) zoomed view of feed tank, membrane housing, pumps, and other fluid handling components; and (d) zoomed view of
solenoid valves and pressure sensors.
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Fig. 2. Schematic of the membrane system.
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Table 1. List of components for building the filtration system

Name Purpose From Item # Comments

Peristaltic Pump 1 Feed flow Cole Parmer/Masterflex 7551-00 The maximum flowrate is 3,400 ml/min,
Peristaltic Pump 2 Backwash/CIP 07551-20 which does not provide enough crossflow
Peristaltic Pump 3 Permeate suction 07551-20 velocity to the membrane system.

Peristaltic Pump Head 1 and 2 Feed and backwash/CIP 77250-62 High-pressure pump heads provide pressure
Peristaltic Pump Head 3 Permeate suction 777252-72 max to 100 psi.

Peristaltic pump tubing Feed EW-06404-36 Choose the peristaltic pump tubing based on
Peristaltic pump tubing Backwash/CIP EW-05664-24 required flowrates. The pump head and the
Peristaltic pump tubing Permeate suction EW-05664-14 pump itself limit the options.

Low-pressure tubing Monitor the permeate inside the tubing 06509-15 Transparent tubing is necessary to monitor the

Solenoid Valve 1

Solenoid Valve 2
Solenoid Valve 3

Solenoid Valve 4

Solenoid Valve 5

Serial interface device USB-232/4
Serial interface device USB-232/2

CompactDAQ-9171 (x2)
C series relay Output module NI 9482 (x2)

Multifunction I/O device USB-6009 (x2)

pH probe
pH transmitter

Conductivity probe
Conductivity transmitter

Thermocouple probe
Temperature transmitter

Pressure transducer A-10 (x2)

Differential pressure transducer

Pressure gauge

Pressure gauge

Fluid control at backwash entrance

Fluid control at permeate outlet
Fluid control at chemical cleaning entrance

Fluid control at concentrate recycle to feed
tank

Fluid control at concentrate to waste tank

USB to RS-232 for control of Peristaltic
Pumps 1, 2, and 3 and for data acquisition
from balance and flowmeter

Control Solenoid Valves 1-5

Acquire data from temperature sensor, pH
transmitter, conductivity transmitter,
pressure transducer, and differential
pressure transducer

Measure pH in the feed tank

Measure conductivity in the feed tank

Measure temperature in the feed tank

Measure pressure at concentrate and
permeate flow channels

Measure the differential pressure between
two sides of the membrane

Visualize concentrate pressure

Visualize backwash and CIP pressure

Granzow

Parker

ASCO

Parker

National Instruments

Grainger/OAKTON
Grainger/Eutech

Grainger/OAKTON
Grainger/Sensorex

Grainger/DIGI-STEM
Grainger/NOVUS

Wike

Dwyer

ASHCROFT
UCI

E3B19-00V-01

4639K62
13417B

ANSI Z21.21

J3417B

778473-04
778473-02

781425-01
783906-01

191039D-01L

40L558/35807-35
40L553/56717-20

40L548/19500-50
22FH82/CX100

19RU66/DSTPA1223204

12T236/TxIsoPack
50535196

645-16

63-1008-SL-02L-30#

permeate status.

A higher flow coefficient is preferred for Valve
4 to make sure the valve will not create too
much pressure in the concentrate channel.
Zero-pressure-drop valves are preferred in
low-pressure systems.

The shorter the USB cables used, the more
stable the National Instruments equipment
will be.

Try to avoid USB extension cables.

Try to use the USB ports on the motherboard.
USB 6009 I/O device measures the voltage
rather than current, which should be measured
in the circuit. Resistors were mounted parallel
to the USB 6009 to create the voltage.

All probes are through the wall probe to make
sure the feed tank is sealed during filtration.

J. Environ. Eng., 2023, 149(10): 04023063
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Table 1. (Continued.)

Name Purpose From Item # Comments
Flowmeter Measure permeate flow, pressure, and ALICAT L-50CCM-D Signal drift was monitored.
temperature Fouling inside the flowmeter was experienced,
which caused same extreme errors.

Feed tank Store feed water McMASTER-CARR 4439T13 —

Permeate tank Store permeate for backwash 43005T2

Chemical tank Store chemicals for CIP

Waste tank Store waste from permeate overflow or 43005T3

chemical residual from CIP
High-pressure tubing: thick Feed flow 5635K64 Pressure tolerance is 28 in. of Hg vacuum to
250 psi.
High-pressure Tubing: thin Permeate, backwash, and CIP flow 5635K97 Pressure tolerance is 28 in. of Hg vacuum to
330 psi.

Quick release connectors Quick release tubing for maintenance 5012K61 There are usually two dimensions that should
5012K62 be carefully chosen: (1) the coupling size
5012K661 (same as plug OD) of female and male
5012K69 connectors should be compatible, and (2) the
5012K691 OD of tubing should be compatible with the
5012K73 connectors.
5012K76 3/8” OD tubing was usually used for the feed
5012K84 flow, and 1/4” OD tubing was usually used for
5012K87 the permeate, backwash, and CIP flow.
5012K88 The connectors usually had pressure tolerance

from 24 in. of vacuum to 100 psi, which is a
little lower than the high-pressure tubing
mentioned previously.

Through-wall adapters Mount probes to the tank and mount as the 3773K123 —

outlet of feed and permeate tank 5012K54
Tee connectors Connect components and tubing 4596K321 —

J. Environ. Eng., 2023, 149(10): 04023063
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Basic Components

The frame of the membrane unit was built with T-slotted structural
framing material (also called “80/20” extruded aluminum) and as-
sociated parts like brackets, hinges, connectors, plexiglass, and
casters. The term “pallet-size” for the system was used because
it was small enough to transport with a pickup truck and easily
moved with a forklift. For added mobility, the width was manufac-
tured small enough to fit through typical doorways, and castors
were added so it can be rolled. The pallet unit had two tiers.
The lower tier was for liquid-processing components, and the upper
tier housed electrical components. A desktop computer (#1 in
Fig. S1) mounted on the upper tier was for controlling all electrical
components. An uninterrupted power supply (UPS) (#2 in Fig. S1)
was employed on the upper tier to make sure the system ran stably
because a computer crash was experienced at the moment that sev-
eral solenoid valves were adjusted together, which drew a high cur-
rent. A light and a video webcam were mounted to illuminate and
visualize the lower tier, which enabled the operator to monitor the
fluid-handling hardware day and night.

Electrical Interface and Sensors

Most electrical components were centralized in a panel [Fig. 1(b)]
at the front of the unit on the upper tier because the electronics
could be easily accessed and was protected from water spills. Three
alternating current (AC) to direct current (DC) power transformers
[#1 in Fig. 1(b)] at the top of the front panel provided power to the
transmitters and transducers. Other visible components were wired
to conduits and terminal blocks.

Different transducers and transmitters were employed to trans-
late sensor signals to electrical outputs. Two multifunction I/O
devices [#3 in Fig. 1(b)] received RS-232 signals from serial ports
and delivered them to the computer through a universal serial bus
(USB) interface. These controlled three pumps and received elec-
trical readings from the flowmeter and the balance. NI cDAQ-9171
and NI 9482 [#4 in Fig. 1(b)] worked together to receive signals
from the computer and switch solenoids on and off. A pH trans-
mitter [apH 500, #5 in Fig. 1(b)] transferred the pH values to elec-
trical output (4-20 mA), and a conductivity [#6 in Fig. 1(b)] and
temperature transmitter converted conductivity and temperature
values to electrical outputs.

Fluid-Handling Hardware

The fluid-handling hardware carried out the different filtration steps.
Tubular ceramic membranes made of the hydrophilic material
a-Al,O3 were acquired from Inopor and had a mean pore size of
100 nm and effective membrane area of 0.025 m? [Fig. 3(b)].
The membrane housing [Fig. 3(a)] was a 316-stainless steel cell with
feed, concentrate, backwash, and permeate ports. Four manual ball
valves were installed on four ports to easily unload the membrane
module after the experiment.

The flat-sheet membrane [Fig. 3(d)] fabricated by Meidensha
had mean pore sizes of 100 nm. A membrane housing [Fig. 3(c)]
was built with acrylic plastic to hold the membrane to create cross-
flow and scouring. There were four ports on the membrane hous-
ing, which were for feed, concentrate, permeate outlet and cleaning
inlet, and gas inlet. An air stone on the bottom of the housing con-
nected with a gas inlet provided air scouring.

Three peristaltic pumps [Fig. 1(c)-P1, P2, and P3] were in-
stalled for creating feed flow, permeate suction, and chemical
cleaning and backwash flow, respectively. Four solenoid valves
[Fig. 1(c)-S1, S4 and Fig. 1(d)-S2, S3] were employed to control
the flow entering or leaving the module during filtration, backwash,
and chemical cleaning. The first solenoid valve was on the per-
meate port. During backwash or chemical cleaning, this port would
close to block the flow to induce high pressure. The second and
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third solenoid valves were for controlling backwash and chemical
cleaning, respectively. The fourth solenoid valve was a three-way
valve, which was used for waste control. During chemical cleaning,
chemical contamination was produced, which degraded the FOG
wastewater. In this case, the chemical waste would not go back
to the feed tank but to the waste tank, which was controlled by
the fourth solenoid valve.

Two pressure sensors [Fig. 1(d)-PS1, PS2] were installed to
measure the pressure at the concentrate and backwash and cleaning
ports. A differential pressure sensor [Fig. 1(d)-D] was used to
monitor the differential pressure between the feed and permeate
sides.

A balance was mounted in the flow path before the permeate
tank. A self-emptying device (Fig. 4) was placed on the balance.
The device accumulated permeate to 300 ml, and then the permeate
was emptied automatically via a siphon mechanism. Permeate inlet
and outlet flow were driven by gravity, and the self-emptying de-
vice did not touch any other components, which made the balance
readings more precise. Mass measurements over time were used to
calculate permeate flow rate and membrane volumetric flux.

Four carboys worked as feed [Fig. 1(c)-T1], permeate
[Fig. 1(c)-T3], chemical [Fig. 1(c)-T2], and waste tanks, respec-
tively. A spill port was installed in the permeate tank; when the
water level reached the spill port, the permeate flowed into a col-
lection tank, back to the feed tank, or to a waste tank, depending
on the experiment being performed.

Software

A control system was coded in LabVIEW for data acquisition and
system control. The fundamental structure of the program was a
while loop that iterated continuously until a stop signal was sent
by the user or a task was finished. One iteration usually lasted less
than 1 s, depending on how many functions were running during
each iteration. For example, a loop that sent an email or wrote data
to disk took more time than a normal loop.

Operational Steps Algorithm

Eight steps were created to fulfill the filtration requirements. Four
of them were the main steps for filtration, backwash, CIP, and
residual removal. Before each main step, there were four prepara-
tion steps, respectively, to set up the system for each subsequent
main step. Each step was programmed into one case structure in
LabVIEW, numbered from 1 to 8. The case selector was connected
to the step selection algorithm, which used real-time data (TMP and
time) to decide which step to activate.

Preparation Steps. The preparation steps reset the system from the
previous steps and made the system ready for the following main
steps. Sequence structures were created in LabVIEW for each
preparation step (Steps 1, 3, 5, and 7) because a sequence structure
contained one or more frames that were executed in sequential
order. Usually, all the preparation steps had the frames in the se-
quence structures to reset all three pumps and five solenoid valves.
Then, setup frames were executed to make the system ready for the
following steps. These frames turned on specific pumps; for exam-
ple, the filtration step needed the feed and suction pumps activated,
but the backwash step needed the feed and backwash pumps acti-
vated. Solenoid valves were also switched according to the desired
water flow path for the following main step.

Preparation steps also had other functions to ensure that the fol-
lowing main step operated correctly. In Step 1, there was one spe-
cial frame to fill the permeate chamber with a negative backwash
pump speed (—10% of normal backwash pump speed) for 3 s to
decrease the time that Step 2 (filtration) required to reach a stable
TMP. In Steps 5 and 7 (the preparation steps for CIP and residual
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Fig. 3. (a) Tubular membrane housing; (b) tubular multibore monolithic ceramic membrane (new and used); (c) flat-sheet membrane housing; and

(d) flat-sheet ceramic membrane.

removal), two frames were used to fill or remove chemical inside
the membrane and the tubing. Usually, preparation steps took 60 s
each, which meant some frames in the sequence structures were
empty frames with wait functions. A wait function was also applied
to all reset and setup frames to ensure enough time for the system to
execute all of the actions. Steps 5 and 7 needed more time than
other preparation steps because the backwash pump took 65 s to
fill the membrane and tubing with a certain volume, around
150 mL.

Main Steps. The main steps (Steps 2, 4, 6, and 8) followed prepa-
ration steps (Steps 1, 3, 5, and 7). The bulk of time spent on filtra-
tion, backwash, CIP, and residual removal occurred during the main
steps. The duration of one main step was flexible, and users could
set it up before the filtration process. The purpose of the main steps
was to adjust the system in response to the filtration performance
data. Preparation steps set up and initiated all the operations and
parameters except the pump speed, which was adjusted during
the main steps to control the filtration, backwash, CIP, and residual
removal.
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Step 2 was the filtration step, in which the filtration flux (or
TMP) was adjusted to meet its set point. For example, the filtration
flux was physically controlled by suction pump speed and the TMP
increased along with constant flux filtration due to fouling accumu-
lation. When constant TMP was required, the suction pump speed
was adjusted automatically to maintain the TMP.

The critical flux or TMP is important for membrane filtration op-
eration. The system had a built-in flux-step or TMP-step function to
measure the critical flux or TMP. In this case, the target filtration flux
or TMP was not constant; a program in Step 2 could adjust the flux
or TMP automatically. Backwash or even CIP could be applied be-
tween filtrations, which made the critical flux measurement more
precise.

Pressure maintenance happened in Steps 4 and 8 (backwash and
residual removal steps). Backwash with high flux is more effective
at removing accumulated material (Vera et al. 2015), but the aggres-
sive backwash may damage the membrane. For this reason, the
TMP was monitored, and the backwash pump speed was adjusted
accordingly so that the TMP reached its user-defined set point.
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Fig. 4. (a) Schematic; and (b) photo of a self-empty device with a balance to measure the permeate flow rate.

Table 2. Cleaning strategy explanation

Strategy name Backwash CIp Degree of freedom Comments

Strategy 1 Time Cycle # 0 Preset system with no adaptiveness to water quality fluctuation
Strategy 2 Time TMP 1 Preset backwashes with adaptive CIPs

Strategy 3 T™P Duration 2 Adaptive backwashes and CIPs

Note: Bold indicates adaptive triggers.

Step Selection Algorithm

A step selection algorithm was coded to control the case structure
with eight steps. The step selection algorithm decided when one
step should be ended by different criteria. All preparation steps had
preset durations, which meant the step selection algorithm would
finish them with accumulated time as criteria. Ending the filtration
step (the second step) was the most important part of this program
because the filtration step was usually followed by Steps 3 and 4
(backwash preparation and backwash steps). On the other hand,
the trigger of CIP was also related to the performance in the fil-
tration step. This program was designed with two methods to trig-
ger the backwash and three methods to start the CIP (described
subsequently).

Three cleaning strategies were designed based on different com-
binations of backwash and CIP triggers. Table 2 shows the strategies
and triggers employed. Each trigger is described subsequently. Some
trigger combinations were meaningless, such as TMP-triggered
backwash and TMP-triggered CIP; those are not included in the
table.

All strategies were packed into one subprogram. The basic logic
was a case structure that used preset values and filtration data to
decide the output numbers for the steps. Relative time was the most
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important reference to end all preparation steps and time-based
main steps. The accumulation time of these steps was calculated
using relative time at the beginning of each step. When the accu-
mulated time reached the preset level, the next step would be
triggered.

Time-Triggered Backwash. Time is the most common trigger
during membrane filtration in the research and industrial world
because data analysis is not required. The benefit of a time-based
trigger was that the control algorithm was simple and usually error
free. However, the system could not respond dynamically to factors
like feed-water quality, membrane fouling behavior, or ambient
temperature. Backwash was triggered by filtration duration in Strat-
egies 1 and 2, as shown in Figs. 5(a and b), respectively. Lines are
added to the figures to represent reversible, irreversible, and
residual fouling (Wang et al. 2014).

TMP-Triggered Backwash. In constant flux operation, TMP rep-
resents the fouling behavior of the membrane, which makes the
TMP trigger an appropriate adaptive control. The TMP trigger lim-
ited the fouling behavior and avoided damaging the membrane.
Signal noise challenged the TMP trigger because some extreme val-
ues led to unexpected backwashes. A moving average filter was
applied to reduce noise. As shown in Fig. 5(c), the TMP never went
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Fig. 5. Visualization of (a) Strategy 1; (b) Strategy 2; and (c) Strategy 3, with different triggers for backwash and CIP as given in Table 2.

above the trigger set point, thus protecting the membrane from
pressure overload. The TMP trigger can increase the efficiency
of filtration when the water quality is good and fewer backwashes
are needed. However, a disadvantage is that testing is needed to
carefully choose the TMP set point. If the set point is too low, back-
wash will occur frequently and filtration efficiency is reduced. If
the set point is too high, the energy for filtration is increased
and fouling may be exacerbated.

Cycle Number-Triggered CIP. The cycle number trigger counts
the number of backwash cycles and is usually applied with the
time-trigger backwash [Fig. 5(a)]. This trigger is simple and rela-
tively error free but is not adaptive to filtration performance.
TMP-Triggered CIP. During the time-triggered backwash, TMP-
triggered CIP can be applied [Fig. 5(b)]. Backwash cannot remove
all parts of the fouling, so the TMP at the end of each filtration
typically increases. When the TMP at the end of the filtration
reaches a set point, CIP is triggered to recover the irreversible foul-
ing. The benefit of this strategy is that the maximum TMP is pre-
dictable. The TMP limit protects the membrane from overload.
Duration-Triggered CIP. CIP can be triggered with filtration
duration when backwash is triggered with TMP [Fig. 5(c)]. In
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constant flux conditions, the irreversible fouling contributes to a
higher TMP at the beginning of filtration, which leads to a shorter
time to reach the TMP backwash trigger. Thus, the filtration time
indicates the irreversible fouling on the membrane. When the irre-
versible fouling increases, the efficiency of filtration will decrease,
and CIP is necessarily carried out to remove the irreversible fouling
and recover the TMP. When the irreversible fouling increases and
filtration duration decreases, the CIP will be triggered to remove
much of the irreversible fouling.

TMP and Flux Control Algorithm
The TMP and flux control algorithm works for creating constant
TMP or flux by adjusting the suction pump speed. The suction
pump used for pulling out the permeate can maintain the flowrate
at low TMP; however, foulants in the wastewater increase the re-
sistance of the membrane and lead to a growing TMP. The program
adjusts the suction pump speed to maintain a constant TMP when
the constant TMP mode is applied.

The same mechanism is used for maintaining the flux. In theory,
the permeate flux is only related to the suction pump speed, no
matter whether the fouling is accumulating; however, the tubing
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Fig. 6. Special calibration curves were created to control the TMP and flux: (a) TMP calibration curve; (b) flux calibration curve; (c) undamped
oscillations; and (d) oscillations damped by using special calibration curves.

of the peristaltic pump can only maintain the flowrate at low-
pressure conditions. That means a correction is necessary for the
constant flux mode during high TMP filtration. The TMP and flux
control algorithm adjusts the pump speed for a constant flux at dif-
ferent pressures.

The calibration curve [Figs. 6(a and b)] shows the difference
between the measured and target TMP (ATMP) to the required
change in suction pump speed. The adjusted pump speed is added
to the old speed. There are four linear relationships in the curve.
When the differential TMP is between —3 and 3 psi, there are
higher slope values than other ranges to make sure the program
is sensitive enough to respond to the fluctuations.

The two slopes in the second quadrant are lower than the fourth
quadrant’s, which makes the TMP increase and decrease at differ-
ent rates. This setup is important to stabilize the suction pump
speed. A situation was experienced that the suction pump was al-
ways adjusted, and the target TMP was never reached. The problem
was found as the rates of increasing and decreasing ATMPs had the
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same absolute value, which made the TMP always higher or lower
than the acceptable range [Fig. 6(c)]. To avoid this situation, differ-
ent slopes were applied as shown in Fig. 6(d) to ensure that the
TMP would reach the acceptable range.

The TMP and flux control algorithm was also used for keeping
backwash and chemical cleaning pressure stable. The program was
similar but with different parameters because the pump-speed range
was 0-100 rpm, and the backwash pressure was maintained
at 35 psi.

Flux-Step Algorithm

Critical flux is the idea that below a certain flux, the TMP remains
constant, whereas if this flux is exceeded, the TMP increases over
time. Various flux-step procedures have been used by others to
measure the critical flux for different types of membranes (Cho
and Fane 2002; Clech et al. 2003; Culfaz et al. 2011; Huang et al.
2008; Kwon and Vigneswaran 1998; Monclis et al. 2011;
Mutamim et al. 2012, 2013; Vera et al. 2014; Wu et al. 2008).
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One conceptualization of critical flux identified two forms:
strong and weak (Field and Pearce 2011). The strong form of
critical flux does not have any additional sources of hydraulic
resistance other than the membrane itself. The weak form of
critical flux considers additional hydraulic resistance from
fouling.

A flux-step procedure for evaluating critical flux involves suc-
cessive filtration steps at different flux values while measuring
TMP. The measured TMP is used to determine the fouling rate
and the membrane resistance. An important issue with flux-step
procedures is that fouling resistances from the previous steps often
affect the following step and contribute to a lower calculated criti-
cal flux.

The flux-step function in the system is automated and inserts
backwash between two filtrations to remove the reversible fouling.
CIP can also be applied to the membranes between the filtrations to
remove the irreversible fouling. With these cleanings, reversible
and irreversible fouling are disregarded and a more accurate critical
flux measurement can be obtained. Different filtration parameters
like the duration of filtration, backwash and CIP, crossflow veloc-
ity, and strength of cleaning are flexible in determining the critical
flux under various conditions.

Data Acquisition and Processing Algorithm

The testing apparatus records 22 groups of data in a CSV file every
10 s. The signals received from the sensors are voltage signals.
Calibrations of pressure, pH, conductivity, and temperature trans-
mitters are made to translate voltage signals to physical parameters.
Calibration curves and calibration processes are shown in Fig. S2.
Data Averaging. A moving average filter is employed to enhance
the stability of the system. For example, the TMP fluctuates during
the filtration due to particles blocking the tubing and unstable flow
from peristaltic pumps. When pressure control is used to maintain
the TMP, this turbulence will bring extra adjustment to suction
pump speed. This situation not only influences the experimental
results by providing fluctuating values but also causes too-frequent
adjustment and thus additional wear of the suction pump. To avoid
this situation, the average of an array including several TMP values
was calculated to represent the real-time TMP value. For each iter-
ation, the averaging window shifts forward, which uses the latest
TMP value to replace the oldest value in the window. The average
values have much less variability and are thus better suited for the
TMP and flux control program input. Data averaging is also em-
ployed during backwash to maintain backwash pressure for protect-
ing the membrane from breaking.

Data Storage. In every iteration of the while loop, the program will
check if the data should be saved, which is decided by the preset
frequency. In the file-saving iteration, a new group of data will be
written to the CSV file. However, when a high frequency is set
(e.g., every 5 s), a large file will be created at the end of a long-
term filtration (e.g., more than 10 days). The large-size file delays
the system by increasing the duration of the file-saving iteration
and introducing more errors to the filtration system. A separating
and combining program was created, which generates a new file
every 24 h and combines all files together at the end of one
experiment.

Email Notifications and Alarms. Data files and a figure contain-
ing TMP and flux were sent to the operator every 3 h for monitor-
ing. An alarm system was built to monitor the TMP and water level.
When the TMP was higher or lower than the preset value, which
meant there was blocking inside the tubing or valves, the system
sent an email alert. The conductivity probe mounted at about half
the height of the feed tank was used to monitor the water level.
When there was a leak in the system, the water level decreased
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lower than the conductivity probe, and an alarm email would
be sent.

Other Functions

Flowrate Calculation. Flowrate is calculated based on the self-
emptying device on the balance. In a perfect world, the permeate
water would continuously flow into the device and the change in
weight over time would yield stable flowrate calculation. However,
the permeate flow is not continuous but falls in drops due to surface
tension and unsteady peristaltic pump pulsation. To smooth the
variability, curve fitting was employed to find the slope between
the weight reading and the relative time. Eight groups of weight-
time data points from the last eight iterations were used to find the
slope of a line through the data, which was the flow rate in ml/min.
The more data points used, the stabler the flow rate calculation; on
the other hand, a delay in response time also occurs. In the system,
eight data points were typically used, which struck a balance be-
tween stability and response time.

Controlled Termination of Experiments. An auto-stop program
and a resetting program were coded. The auto-stop program in-
cluded three methods to finalize each experiment. The first was
a manual Stop button on the front panel, the second was a setting
to end after a desired time, and the third was a trigger to end the
flux-step function after cycling through the desired TMP or flux
values. As mentioned before, the whole program is in a while loop
except a resetting program. When the while loop is stopped, the
resetting program will reset all the hardware. The program sets
all solenoid valves to default status, sets the actuator valve to fully
open, stops the pumps, and sends an email with the data and flux
figures.

Experiments to Evaluate Apparatus Performance

The membrane testing apparatus can handle all types of low-
pressure—driven filtration. The system was tested with different kinds
of water and wastewater (lake water, tap water, activated sludge, and
rendering wastewater). Rendering wastewater challenged the system
much more than other types of feed water and highlighted the need
for automated backwash and CIP. The system was first tested in the
lab with synthetic high-strength wastewater to evaluate its stability
and reliability. The synthetic wastewater recipe was modified from
one found in the literature (Ersahin et al. 2014). That recipe called for
“macronutrients” and “micronutrients;” the recipe used only the
macronutrients because these were expected to be the main foulants
(Table S1). Six experiments were done with different experimental
setups for the evaluation of system functions. All experiments used
filtration permeate for backwash and pH 13 NaOH as the chemical
agent for CIP. The backwash strength was controlled at 35 psi with
the TMP control algorithm, and the CIP strength was nominally 9.7
LMH based on the pump speed (without flux control via an al-
gorithm). The membrane was cleaned out of place between
experiments. Then, the system was deployed to the rendering
wastewater plant for further evaluation. All experimental param-
eters are listed in Table S2.

Experiment 1—Data Acquisition and Presentation

The data acquisition and processing algorithm was first tested after
building the system because it was used to record all the data for the
following experiments. The experiment was carried out with the
synthetic wastewater with constant flux of 9 LMH. Cleaning Strat-
egy 3 was applied with TMP-triggered backwash of 5 psi and
duration-triggered CIP of 25 min. The duration of backwash
was 30 s, and the duration of CIP was 30 min.
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Table 3. Setups for testing cleaning strategies in Experiment 5

Strategy Backwash CIP duration, CIP

name Backwash duration, s Backwash strength CIP min strength
Strategy 1 Every 15 min 30 Target TMP 35 psi Every 24 backwash cycles 30 9.7 LMH
Strategy 2 Every 15 min 30 Target TMP 35 psi Target TMP 6 psi 30 9.7 LMH
Strategy 3 Target TMP 6 psi 30 Target TMP 35 psi Filtration duration lower than 25 min 30 9.7 LMH

Experiment 2—Data Averaging

Data averaging was tested with various parameters to dampen the
noise from the differential pressure transmitter and the flowmeter.
Experiment Two tested the implementation of a moving average
with a window size of 1, 5, 10, 15, 20, 25, and 30 data points,
respectively, to figure out the best averaging parameter. The experi-
ment used synthetic wastewater for constant TMP filtration
(5 psi £ 8%). Strategy 1 was used with backwash every 30 min
and without CIP because CIP was not necessary for testing the
parameters. Backwash duration and strength were the same as
Experiment 1.

Experiment 3—Flux Control Algorithm

The parameters contributing to the flux control algorithms were tested
with the synthetic wastewater as an example to avoid undamped os-
cillations. A special calibration curve was juxtaposed with an example
of an uncalibrated curve based on the treatment of synthetic waste-
water with constant flux filtration (12 LMH =+ 5%). Strategy 1 was
used with backwash every 15 min without CIP. Backwash duration
and strength were the same as Experiment 1.

Experiment 4—Flux-Step Algorithm

Experiment 4 was carried out to test the critical flux of the synthetic
wastewater with target flux from 6-30 LMH with a step height of 2
LMH. Strategy 1 was applied with time-triggered backwash every
30 min without CIP. Backwash was applied at the end of each step
for 30 s with a strength of 35 psi to remove reversible fouling,
which was recommended as a better alternative to the common
flux-step method that does not use backwash between steps
(Van der Marel et al. 2009). The crossflow velocity was relatively
low at 0.0045 m/s compared to other published work (Barati et al.
2021; Chang et al. 2014; Zhou et al. 2015), which probably con-
tributed to a lower critical flux.

Experiment 5—Cleaning Strategy

In Experiment 5, three cleaning strategies were tested with the syn-
thetic wastewater. Refer to Table 2 for general information about
each strategy. Strategies 1, 2, and 3 were tested with synthetic
wastewater with constant flux filtration. The flux was 12 LMH for
Strategies 1 and 2 and 10 LMH for Strategy 3 because of the ac-
cumulation of membrane fouling. Backwash was triggered every
15 min in Strategies 1 and 2 with a duration of 30 s. Strategy 3
triggered backwash with a TMP target of 6 psi. Cycle number
(24 backwash cycles), target TMP (6 psi), and filtration duration
(25 min) were applied as triggers for Strategies 1, 2, and 3, respec-
tively. Table 3 shows details for Experiment 5.

Experiment 6—Field Deployment

In Experiment 6, the system was deployed in a rendering waste-
water treatment plant for around 1.5 years (September 2019—
May 2021). A shed was built to protect the electronics and maintain
the temperature. The system was tested after deployment to ensure
that all components, including pumps, solenoid valves, balance,
electrical devices, and sensors, functioned properly under normal
filtration and cleaning conditions. The system was then left pow-
ered but idle for 26 days to ensure the computer and internet were
stable.
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A float valve was installed in the feed tank to enable automatic
feed water refills. Experiment 6 was carried out with raw rendering
wastewater with refills, which changed the water quality intermit-
tently and tested the system response. Wastewater and filtration
permeate quality was measured in the lab to understand the perfor-
mance of membrane filtration. The measurement procedures are
detailed in the section “Water Quality Analysis Methodology”
of the Supplemental Materials. The wastewater plant also moni-
tored pre-DAF and post-DAF water quality weekly for DAF per-
formance. In the field-deployed experiment of Strategy 1,
backwash was carried out every 30 min of filtration, and CIP
was triggered every 43 backwash cycles (around one CIP per
day). The Strategy 1 experiment lasted around 5 days with constant
flux filtration (5.5 LMH =+ 8%). The results from Strategy 1 con-
tributed to the experiment of Strategy 2, in which backwash was
started every 30 min and CIP was triggered when the TMP reached
9 psi. Both strategies used backwash strength of 35 psi with a du-
ration of 20 s and CIP strength of 9.7 LMH with duration of 30 min.
Strategy 3 was attempted but failed, as described in the “Results
and Discussion” section.

Results and Discussion

Experiment 1—Data Acquisition and Presentation

Twenty-two groups of data were recorded every 10 s. The absolute
time, program iterations, relative time, and filtration step numbers
were used to monitor the basic system conditions. Feedwater pH,
conductivity, temperature, and permeate temperature were recorded
to log the characteristics of the feed and permeate. The three pump
speeds and target flux/pressure were set by the operator to define
the experimental conditions. The pressure of feed, permeate, and
backwash/cleaning channels and the differential pressure between
the permeate and the feed channels were used for monitoring the
performance of the membrane. The flux and flowrate from the
flowmeter and the balance reading were also recorded.

Fig. 7 shows example data from the test filtration with high-
strength synthetic wastewater. Fig. 7(a) shows the balance reading,
which suggests that the self-empty device successfully emptied it-
self for measuring the permeate flowrate [Fig. 7(c)]. Fig. 7(b) in-
dicates the step number of filtration, backwash, CIP, and residual
removal.

The TMP increased due to irreversible fouling during the filtra-
tion, even though the backwash removed the reversible fouling. CIP
(triggered at about 37, 41, 44, 47, and 51 h) played an important role
in removing irreversible fouling; filtration duration increased after
each CIP. Overall, Experiment 1 showed that the membrane testing
apparatus with its basic operating algorithms successfully functioned
for multiple days with data recording and display.

Experiment 2—Data Averaging

TMP data averaging is essential in enhancing the stability of the
filtration system. In constant-TMP filtration, the system uses the
measured TMP to decide whether to adjust the pump speed. Highly
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Fig. 7. Example data from Experiment 1: (a) balance reading; (b) step number; (c) flowrate from balance reading; (d) flowrate from flowmeter; and

(e) flux from flowmeter and TMP as functions of relative time.

oscillating TMP causes frequent pump adjustments [Fig. 8(a)],
which can wear out the pump mechanisms. Experiment 2 used
seven different window sizes for the moving average; for simplic-
ity, only three of them are discussed here.

A 10-point moving average of the TMP decreased the variability
and reduced the frequency of pump adjustments [Fig. 8(b)].
Twenty-point averaging decreased the feedback speed because
more time was needed to collect enough data points for calculating
the average. The 20-point averaging also caused an overshoot in
pump speed [Fig. 8(c)]. Thus, in these experiments, the 10-point
window size was optimal.

Experiment 3—Flux-Control Algorithm

The flux control algorithm worked for tracing the target flux during
the filtration. The algorithm adjusted the suction pump speed using
a well-tuned calibration curve. When the curve was incorrectly cali-
brated, undamped oscillations were observed [Fig. 9(a)]. Flux
during the 20-min filtration was not held within the target tolerance
range despite frequent suction pump speed adjustment. When the
well-tuned calibration curve was used, only 2 min were required
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for the flux to settle within the tolerances [Fig. 9(b)]. During the rest
of the filtration, the pump speed was stable. A similar experiment
was performed to tune the TMP control algorithm, but the concept
is the same, so those dates are not presented here.

Experiment 4—Flux-Step Algorithm

The flux-step function aims to be a testing protocol whereby critical
flux can be determined. Fig. 10 shows the results from a flux-step
test with target flux between 6 and 30 LMH with a step size of two
LMH and a duration of 15 min. In Fig. 10, the TMP is constant
when fluxes are lower than 14 LMH; the TMP increases sharply
when fluxes are higher than 17 LMH. Unlike the results from Clech
et al. (2003), which suggested that the TMP was not constant even
at the lowest flux of two LMH in their bioreactor, the TMP data in
Fig. 10 indicate no increase of TMP when fluxes are lower than
14 LMH, meaning that about 14 LMH was the critical flux.

The filtration process used the flux maintenance program to
keep the flux close to the target; however, the nature of peristaltic
pumps limited the stability of the flux and TMP at the current sam-
pling frequency (around 0.96 Hz). Flux fluctuation was observed,
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Fig. 8. Averaging experiments with (a) 1 (no averaging); (b) 10; and (c) 20 data points.

especially when the TMP was higher than 4 psi. The resistances
also contributed to a higher TMP at the end of the experiment com-
pared with the first filtration. The irreversible resistance R; was
calculated using Eq. (1)

Rir _ Pﬁrst - Plasl (1)

nxJ

where Py, = pressure at the beginning of the first filtration; P, =
pressure at the beginning of the last filtration; 1 = viscosity of
water; and J = flux. The 7-h filtration created over 2.85 x 103 m™!
of irreversible fouling.

Experiment 4 showed that the automated method was successful
in determining the critical flux. What would normally be done labo-
riously by a lab technician was accomplished here in 7 h and 1 min
of unattended operation.
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Experiment 5—Cleaning Strategies

Results from Experiment 5 are presented in this section: Strategy 1
used time-triggered backwash and cycle number-triggered CIP,
Strategy 2 used time-triggered backwash with TMP-triggered CIP,
and Strategy 3 used TMP-triggered backwash with duration-
triggered CIP. The results from Experiment 5 show that the clean-
ing process was important because the TMP easily reached to the
pump limitation (10 psi) after several cycles of backwash. The vast
majority of studies in the literature use only short-term experiments
without online cleaning (e.g., Lo et al. 2005; Abboah-Afari and
Kiepper 2012; Racar et al. 2017b; Wandera and Husson 2013;
Zhou et al. 2015), but to fully understand membrane behavior
with high-strength wastewater, it is clear that the cleaning step
is needed.
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Fig. 10. The flux-step function is used to determine the critical flux.

Fig. 11(a) shows the results of Strategy 1, time-triggered back-
wash and cycle number-triggered CIP. As listed in Table S2, back-
wash occurred every 30 min, and CIP was triggered every six
filtration cycles. Because the control system used these preset
parameters, feedback from real-time data was not used, which
minimized the complexity of the system. Backwashes recovered
some of the TMP, indicating that the feed water mostly created irre-
versible and residual fouling. The TMP increased along the filtra-
tion process, and unstable flux was observed when TMP was higher
than 10 psi (Fig. S3).
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A super-critical flux was applied to Strategy 2, with the results
shown in Fig. 11(b). The duration of each filtration was 15 min as a
constant; however, the TMPs at the end of the filtration were vari-
ous and represent the filtration efficiency. Backwash was inserted
between two filtrations to remove the reversible fouling and recover
some part of the TMP. The TMP at the end of the filtration was
higher than 6 psi, which triggered CIP to recover filtration effi-
ciency by removing the irreversible fouling. The residual fouling
was also monitored, and the number of filtrations before CIP de-
creased from five to four.
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Fig. 11. Three cleaning strategies were carried out in Experiment 5: (a) Strategy 1; (b) Strategy 2; and (c) Strategy 3.

Strategy 2 protects the membrane from overload because the
highest TMP is predictable compared to time-triggered cleaning
strategies. The feedback from the control system limits the filtration
strength and provides reasonable cleaning. The duration of filtra-
tion before CIP reflects the efficiency of CIP, which is used to de-
termine the requirement of clean out of place (COP).

Strategy 3 [Fig. 11(c)] with TMP-triggered backwash and
duration-triggered CIP was tested with a TMP target of 5 psi
and a limit duration of 25 min. Compared with Strategy 2, filtration
duration worked as a variable, and the TMPs at the end of each
filtration were fixed. The volume productivity of filtration (per-
meate volume minus the backwash usage) decreased along with
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filtration duration because the growing irreversible and residual
fouling increased the TMP and decreased the duration. The number
of filtrations before CIP declined due to the residual fouling, which
needed COP to remove. The irreversible and reversible fouling
were removed by CIP and backwash, respectively.

Strategy 3 limited the TMP to 5 psi by initiating a backwash
when that pressure was reached. This strategy also protected the
membrane, which is important in oily wastewater filtration because
oil droplets can cross the membrane when the TMP is higher than
the critical pressure (Huang et al. 2018). The efficiency of CIP is
determined by the number of filtration cycles before it. If the num-
ber of filtration cycles is too few, it indicates the need for COP.
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Table 4. Comparison of three strategies with various criteria and suitable
applications

Criteria and Applications Strategy 1 Strategy 2 Strategy 3

Criteria
Simplicity of design
Ease of debugging
Ease of operation
Low monitoring requirements
Membrane overload prevention
Chemical optimization in CIP
Adaptiveness
Permeate optimization in backwash
Feedback to reversible and
irreversible fouling
Applications
Theoretical study
Batch experiments
Synthetic wastewater
Practical study
Fouling identification
Continuous experiments
Raw wastewater
Fluctuating conditions
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Note: E = excellent; G = good; and F = fair.

A comparison of the three strategies is provided in Table 4.
Strategy 1 has the simplest design with low requirements for de-
bugging. The adaptiveness of Strategy 1 is lower than the other two
strategies, which means operators need to monitor the system to
avoid membrane overload. It also means that skillful operators
are required to optimize the system for better performance, so “ease
of operation” is lower. The adaptiveness of Strategies 2 and 3 are
greater, which minimizes the risks of membrane overload as the
system automatically responds to fluctuating wastewater quality.
Ease of operation is thus enhanced. The drawback is that the design
is not as simple, so more skill is needed to complete the design
work.

Strategy 1 with less adaptiveness is usually suitable for more
predictable experiments with nonvarying wastewater. Synthetic
wastewater, batch experiments, and theoretical studies are more
predictable and suitable for Strategy 1. Strategies 2 and 3 are good
for practical study because the adaptiveness can adjust operating
conditions to account for changes in feed water quality. Raw waste-
water, continuous experiments, and fluctuating conditions are more
unpredictable, which makes the adaptiveness more important.

Experiment 6—Field Deployment

Experiment 6 highlights one benefit of the pallet unit: the system
fits in vans or pickup trucks, which makes deployment easier. The

system was deployed to a rendering wastewater plant for more than
1.5 years to test the membrane as an alternative to DAF as the first
step in a treatment train for high-strength industrial wastewater. The
stability of the control system was first verified in a 26-day run
(Fig. S4). The quality of rendering wastewater has inherent fluctu-
ations, which was true in this deployment; the variability chal-
lenged the filtration system and required adaptive and automated
control. Fig. S5 shows the influent pH profile in a 1-month period
between May 26 and June 26, 2020. The pH fluctuated between 2
and 12 depending on the activities happening inside the render-
ing plant.

The plant used DAF as the first treatment step to remove and
recover valuable fats and proteins from the wastewater. Table 5
shows the wastewater quality from a membrane filtration experi-
ment compared with the water quality from the plant’s log of
DAF data over 7 weeks from April 29, 2020, to June 10, 2020.
The membrane filtration showed a higher removal rate and better
effluent quality than DAF treatment for all comparisons except total
phosphorus. The phosphorus data are difficult to interpret because
on the day the samples were collected for the membrane run, feed
phosphorus concentration was high (61 mg/L), whereas for DAF
treatment, average values were used from several samples recorded
by the plant, and the average feed concentrations were lower
(35 mg/L).

Fig. 12(a) shows the TMP of the constant-flux filtration with
temperature profile. An automatic refill of the feed tank was re-
corded (arrow) at around 24 h where the temperature and fouling
rate increased sharply due to the hotter feed and presence of fresh
foulants. No other obvious refills are shown in this figure.

The highest TMP shown in Fig. 12(a) is 11 psi. In early-stage
lab experiments to test the capabilities of the pump, high pump
speeds were needed to achieve TMPs greater than about 10 psi,
leading to unstable flux; thus, TMPs greater than 10 psi in
Fig. 12(a) are indicative of a system that is overloaded. The overload
may also damage the membrane. This is a disadvantage of Strategy 1
operation, which is time based and TMP is not controlled.

The aforementioned disadvantages of Strategy 1 set the stage for
Strategy 2 experiment where TMP was controlled. The experiment
lasted about 5 days with eight CIPs. The first CIP was triggered at
around 48 h, and most of the TMP was recovered. The rate of TMP
increase after the first CIP was lower due to the biological degra-
dation of wastewater in the feed tank until hour 87. When a refill
happened [arrow in Fig. 12(b)], the temperature in the feed tank
increased sharply. The fresh wastewater contained more foulant
and contributed to an elevated TMP, and thus another CIP was trig-
gered only 5 h later. The degradation of the fresh wastewater was
evident again in that the duration between CIPs got longer with
each CIP cycle after the refill. Other small fluctuations in temper-
ature are evident in Fig. 12(b), and a zoomed-in view is shown in

Table 5. Filtration permeate quality compared with DAF effluent over 7 weeks

Volatile Total Total
Sample COD Nitrite Nitrate acid phosphorus solids TKN Grease Ammonia
Treatment methods points (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Membrane filtration Feed 5,010 5.48 15.8 833 61 3,060 152 1,358 81.2
Permeate 336 0.651 4.03 70.6 42.8 2,320 56 10 43
Removal 93%  88% 74% 92% 30% 24% 63% 99% 47%
DAF Inf. 7,581 34 329 2,377 185
Eff. 2,001 31 275 147 179
Removal 65% 8% 16% 82% 3%
Lowest eff. 1,320 28 214 23 153

Note: Inf. = influent; and Eff. = effluent.
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Fig. 12. Results from Experiment 6: field study of (a) Strategy 1; and (b) Strategy 2.

Fig. S6; those were caused by periodic on/off cycles from the shed
heater maintaining room temperature between 20°C and 25°C.
Strategy 2 activated a cleaning step when the TMP reached a
set point of 9 psi; this protected the membrane and suction pump.
When the water quality was better, Strategy 2 also minimized the
chemical use by decreasing the CIP frequency. The importance of
CIP was identified with both Strategies 1 and 2 because the
backwash could not remove all membrane fouling. If there were
no CIP, the TMP would quickly be exacerbated, the pump would
reach its maximum capacity, and flux would become erratic, as
shown in Fig. S3.

Strategy 3 was tested in the field with raw wastewater several
times, but none of the results were usable. In the lab, the TMP and
filtration duration set points with synthetic wastewater were well
tuned because of ample opportunity to test several short experi-
ments and vary the parameters to find a combination that worked
for that sample. In the field there was not the same luxury of ample
time to tune the system, especially when wastewater quality varied
over time. Strategy 3 might work if a skilled operator could com-
plete the tuning, but Strategy 2 was easier to initiate and operate.
These results informed the strategy comparisons shown in Table 4.

Regardless of the backwash and cleaning strategy employed,
residual fouling became serious after long-term operation; eventu-
ally the membrane had to be removed from the system for a COP.
Fig. S7 shows a comparison of a membrane with 6-month operation
and a membrane right after COP. The COP was more rigorous than
CIP, using a sequence of NaOH at pH 13, deionized water rinse,
HCI at pH 1, another rinse, and repetition as needed. The duration
of each step was typically an hour. Such COP (or more rigorous
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CIP) is expected to be required occasionally if the CIP cleaning
is a short NaOH step, as done in this work.

Discussion of Scale-Up and Future Work

This investigation of cleaning strategies can help in designing full-
scale systems. The advantages and disadvantages of each strategy
(Table 4) suggest applicability for different types of wastewaters.
Strategy 1 is the simplest system and may work well for full-scale
situations with relatively consistent water quality; these do not need
automated adaptiveness or close operator control. Both Strategies 2
and 3 have automated adaptiveness suitable for full-scale applica-
tions with variable feed water quality.

Several improvements to the filtration apparatus would further
enhance its ability to fully mimic full-scale applications. (1) The
reliability should be improved. According to our experience, the
testing apparatus could not handle continuous filtration for more
than 1 month. (2) Due to the flexibility of the system, the energy
efficiency of the system is far from full-scale applications, which
are specially designed for particular wastewater types. The testing
apparatus is only useful for estimating energy consumption.
(3) Designer or operator skill is required. Compared with full-scale
applications, the diversity and flexibility of the testing apparatus
contribute to its complexity, which requires skillful designers to
fully set up or skillful operators to monitor and adjust.

In future work, it would be valuable to include real-time calcu-
lations of net permeate productivity (permeate produced minus
backwash and CIP). The operator can determine net productivity
at the end of the experiments during data analysis but cannot
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see it in real time because permeate tank volume cannot be reliably
predicted nor measured. Another valuable future effort will be to
use the results from these tests to estimate full-scale energy costs.
The pumps and other components in this small apparatus have dif-
ferent energy efficiencies than full-scale components. To estimate
full-scale energy costs, the flux and pressure data found here can
be combined with pump curves and other design information for
full-scale components to estimate energy efficiency for planned
projects.

Conclusions

A lab-scale microfiltration/ultrafiltration testing apparatus with au-
tomated filtration, backwash, and CIP was successfully built. The
system operated well in the laboratory and when deployed at a ren-
dering facility treating high-strength industrial wastewater. Critical
flux was successfully measured with a flux-step algorithm without
manual intervention. Three cleaning strategies were tested, and the
pros and cons of each strategy were reported. Overall, the results
suggest that backwash and CIP are key requirements to enable
long-term sustained filtration of high-strength industrial waste-
water. This research is a valuable description of a filtration system
to realize full automation of lab-scale work. The building of such
membrane testing apparatuses can be facilitated using the compo-
nent list, published parameters, and in-field experience reported
here. This will help make lab-scale studies more meaningful and
will accelerate scale-up of new membrane technologies because
high-frequency backwash and CIP mimic industrial membrane ap-
plications to allow study of properties that change during backwash
and cleaning.

Data Availability Statement

All data, models, or code that support the findings of this study are
available from the corresponding author upon reasonable request.

Acknowledgments

We thank the Fats and Proteins Research Foundation (FPRF) for
funding through the Animal Co-Products Research & Education
Center (ACREC), Annel Greene, director. This material is partially
based upon work supported by the National Science Foundation
under Grant No. 2230696. We thank Meiden America and Inopor
for providing us the ceramic membranes; we also thank Brian
Fraser and Noriaki Kanamori from Meiden for technical support.
We thank the staff from a rendering wastewater plant for allowing
and helping us to test our system at their facility.

Supplemental Materials

Figs. S1-S7 and Tables S1 and S2 are available online in the ASCE
Library (www.ascelibrary.org).

References

Abboah-Afari, E., and B. H. Kiepper. 2012. “Membrane filtration of poultry
processing wastewater: 1. Pre-DAF (dissolved air flotation).” Appl. Eng.
Agric. 28 (2): 231-236. https://doi.org/10.13031/2013.41335.

Al-Mutairi, N. Z., F. A. Al-Sharifi, and S. B. Al-Shammari. 2008. “Evalua-
tion study of a slaughterhouse wastewater treatment plant including

© ASCE

04023063-19

contact-assisted activated sludge and DAFE” Desalination 225 (1-3):
167-175. https://doi.org/10.1016/j.desal.2007.04.094.

Avula, R. Y., H. M. Nelson, and R. K. Singh. 2009. “Recycling of poultry
process wastewater by ultrafiltration.” Innovative Food Sci. Emerg.
Technol. 10 (1): 1-8. https://doi.org/10.1016/j.ifset.2008.08.005.

Barati, N., M. M. Husein, and J. Azaiez. 2021. “Modifying ceramic mem-
branes with in situ grown iron oxide nanoparticles and their use for oily
water treatment.” J. Membr. Sci. 617 (Jan): 118641. https://doi.org/10
.1016/j.memsci.2020.118641.

Bustillo-Lecompte, C. F., and M. Mehrvar. 2015. “Slaughterhouse waste-
water characteristics, treatment, and management in the meat process-
ing industry: A review on trends and advances.” J. Environ. Manage.
161 (Sep): 287-302. https://doi.org/10.1016/j.jenvman.2015.07.008.

Chang, Q., J. Zhou, Y. Wang, J. Liang, X. Zhang, S. Cerneaux, X. Wang,
Z. Zhu, and Y. Dong. 2014. “Application of ceramic microfiltration
membrane modified by nano-TiO, coating in separation of a stable
oil-in-water emulsion.” J. Membr. Sci. 456 (Apr): 128—133. https://doi
.org/10.1016/j.memsci.2014.01.029.

Cheryan, M., and N. Rajagopalan. 1998. “Membrane processing of oily
streams. Wastewater treatment and waste reduction.” J. Membr. Sci.
151 (1): 13-28. https://doi.org/10.1016/S0376-7388(98)00190-2.

Cho, B. D., and A. G. Fane. 2002. “Fouling transients in nominally
sub-critical flux operation of a membrane bioreactor.” J. Membr. Sci.
209 (2): 391-403. https://doi.org/10.1016/S0376-7388(02)00321-6.

Clech, P. L., B. Jefferson, I. S. Chang, and S. J. Judd. 2003. “Critical flux
determination by the flux-step method in a submerged membrane bio-
reactor.” J. Membr. Sci. 227 (1-2): 81-93. https://doi.org/10.1016/]
.memsci.2003.07.021.

Culfaz, P. Z., M. Haddad, M. Wessling, and R. G. H. Lammertink.
2011. “Fouling behavior of microstructured hollow fibers in cross-flow
filtrations: Critical flux determination and direct visual observation of
particle deposition.” J. Membr. Sci. 372 (1-2): 210-218. https://doi.org
/10.1016/j.memsci.2011.02.002.

Defrance, L., and M. Y. Jaffrin. 1999. “Comparison between filtrations at
fixed transmembrane pressure and fixed permeate flux: Application to a
membrane bioreactor used for wastewater treatment.” J. Membr. Sci.
152 (2): 203-210. https://doi.org/10.1016/S0376-7388(98)00220-8.

Ersahin, M. E., H. Ozgun, Y. Tao, and J. B. van Lier. 2014. “Applicability of
dynamic membrane technology in anaerobic membrane bioreactors.”
Water Res. 48 (Jan): 420-429. https://doi.org/10.1016/j.watres.2013
.09.054.

Ezugbe, E. O., and S. Rathilal. 2020. “Membrane technologies in waste-
water treatment: A review.” Membranes 10 (5): 89. https://doi.org/10
.3390/membranes10050089.

Field, R. W., and G. K. Pearce. 2011. “Critical, sustainable and threshold
fluxes for membrane filtration with water industry applications.” Adv.
Colloid Interface Sci. 164 (1-2): 38-44. https://doi.org/10.1016/j.cis
.2010.12.008.

Goswami, K. P, and G. Pugazhenthi. 2020. “Treatment of poultry
slaughterhouse wastewater using tubular microfiltration membrane with
fly ash as key precursor.” J. Water Process Eng. 37 (Oct): 101361.
https://doi.org/10.1016/j.jwpe.2020.101361.

Huang, S., R. H. A. Ras, and X. Tian. 2018. “Antifouling membranes for
oily wastewater treatment: Interplay between wetting and membrane
fouling.” Curr. Opin. Colloid Interface Sci. 36 (Jul): 90-109. https://doi
.0rg/10.1016/j.cocis.2018.02.002.

Huang, X., C.-H. Wei, and K.-C. Yu. 2008. “Mechanism of membrane
fouling control by suspended carriers in a submerged membrane bio-
reactor.” J. Membr. Sci. 309 (1-2): 7-16. https://doi.org/10.1016/j
.memsci.2007.09.069.

Hube, S., M. Eskafi, K. F. Hrafnkelsdéttir, B. Bjarnadéttir, M. A.
Bjarnaddttir, S. Axelsdéttir, and B. Wu. 2019. “Direct membrane filtra-
tion for wastewater treatment and resource recovery: A review.” Sci.
Total Environ. 710 (Mar): 136375. https://doi.org/10.1016/j.scitotenv
.2019.136375.

Johns, M. R. 1995. “Developments in wastewater treatment in the meat
processing industry: A review.” Bioresour. Technol. 54 (3): 203-216.
https://doi.org/10.1016/0960-8524(95)00140-9.

J. Environ. Eng.

J. Environ. Eng., 2023, 149(10): 04023063


http://ascelibrary.org/doi/10.1061/JOEEDU.EEENG-7337#supplMaterial
http://ascelibrary.org/doi/10.1061/JOEEDU.EEENG-7337#supplMaterial
http://ascelibrary.org/doi/10.1061/JOEEDU.EEENG-7337#supplMaterial
http://ascelibrary.org/doi/10.1061/JOEEDU.EEENG-7337#supplMaterial
http://www.ascelibrary.org
https://doi.org/10.13031/2013.41335
https://doi.org/10.1016/j.desal.2007.04.094
https://doi.org/10.1016/j.ifset.2008.08.005
https://doi.org/10.1016/j.memsci.2020.118641
https://doi.org/10.1016/j.memsci.2020.118641
https://doi.org/10.1016/j.jenvman.2015.07.008
https://doi.org/10.1016/j.memsci.2014.01.029
https://doi.org/10.1016/j.memsci.2014.01.029
https://doi.org/10.1016/S0376-7388(98)00190-2
https://doi.org/10.1016/S0376-7388(02)00321-6
https://doi.org/10.1016/j.memsci.2003.07.021
https://doi.org/10.1016/j.memsci.2003.07.021
https://doi.org/10.1016/j.memsci.2011.02.002
https://doi.org/10.1016/j.memsci.2011.02.002
https://doi.org/10.1016/S0376-7388(98)00220-8
https://doi.org/10.1016/j.watres.2013.09.054
https://doi.org/10.1016/j.watres.2013.09.054
https://doi.org/10.3390/membranes10050089
https://doi.org/10.3390/membranes10050089
https://doi.org/10.1016/j.cis.2010.12.008
https://doi.org/10.1016/j.cis.2010.12.008
https://doi.org/10.1016/j.jwpe.2020.101361
https://doi.org/10.1016/j.cocis.2018.02.002
https://doi.org/10.1016/j.cocis.2018.02.002
https://doi.org/10.1016/j.memsci.2007.09.069
https://doi.org/10.1016/j.memsci.2007.09.069
https://doi.org/10.1016/j.scitotenv.2019.136375
https://doi.org/10.1016/j.scitotenv.2019.136375
https://doi.org/10.1016/0960-8524(95)00140-9

Downloaded from ascelibrary.org by David Ladner on 08/05/23. Copyright ASCE. For personal use only; all rights reserved.

Kim, J., and F. A. DiGiano. 2006. “Defining critical flux in submerged
membranes: Influence of length-distributed flux.” J. Membr. Sci.
280 (1-2): 752-761. https://doi.org/10.1016/j.memsci.2006.02.040.

Kwon, D. Y., and S. Vigneswaran. 1998. “Influence of particle size and
surface charge on critical flux of crossflow microfiltration.” Water
Sci. Technol. 38 (4-5): 481-488. https://doi.org/10.2166/wst.1998
.0701.

Lo, Y. M., D. Cao, S. Argin-Soysal, J. Wang, and T.-S. Hahm. 2005.
“Recovery of protein from poultry processing wastewater using mem-
brane ultrafiltration.” Bioresour. Technol. 96 (6): 687-698. https://doi
.org/10.1016/j.biortech.2004.06.026.

Marshall, A. D., P. A. Munro, and G. Trigardh. 1993. “The effect of protein
fouling in microfiltration and ultrafiltration on permeate flux, protein
retention and selectivity: A literature review.” Desalination 91 (1):
65-108. https://doi.org/10.1016/0011-9164(93)80047-Q.

Maximous, N., G. Nakhla, and W. Wan. 2009. “Comparative assessment of
hydrophobic and hydrophilic membrane fouling in wastewater applica-
tions.” J. Membr. Sci. 339 (1-2): 93-99. https://doi.org/10.1016/j
.memsci.2009.04.034.

Mohammad, A. W., C. Y. Ng, Y. P. Lim, and G. H. Ng. 2012. “Ultrafiltration
in food processing industry: Review on application, membrane fouling,
and fouling control.” Food Bioprocess Technol. 5 (4): 1143-1156.
https://doi.org/10.1007/s11947-012-0806-9.

Monclds, H., G. Ferrero, G. Buttiglieri, J. Comas, and I. Rodriguez-Roda.
2011. “Online monitoring of membrane fouling in submerged MBRs.”
Desalination 277 (1-3): 414-419. https://doi.org/10.1016/j.desal.2011
.04.055.

Mutamim, N. S. A., Z. Z. Noor, M. A. A. Hassan, and G. Olsson. 2012.
“Application of membrane bioreactor technology in treating high
strength industrial wastewater: A performance review.” Desalination
305 (Nov): 1-11. https://doi.org/10.1016/j.desal.2012.07.033.

Mutamim, N. S. A., Z. Z. Noor, M. A. A. Hassan, A. Yuniarto, and
G. Olsson. 2013. “Membrane bioreactor: Applications and limitations in
treating high strength industrial wastewater.” Chem. Eng. J. 225 (Jun):
109-119. https://doi.org/10.1016/j.cej.2013.02.131.

Racar, M., D. Dolar, A. §pehar, and K. Kosutié¢. 2017a. “Application of
UF/NF/RO membranes for treatment and reuse of rendering plant
wastewater.” Process Saf. Environ. Prot. 105 (Jan): 386-392. https://doi
.org/10.1016/j.psep.2016.11.015.

© ASCE

04023063-20

Racar, M., D. Dolar, A. §pehar, A. Kras, and K. Kosuti¢. 2017b. “Optimi-
zation of coagulation with ferric chloride as a pretreatment for fouling
reduction during nanofiltration of rendering plant secondary effluent.”
Chemosphere 181 (Aug): 485-491. https://doi.org/10.1016/j.chemosphere
.2017.04.108.

Tummons, E., H. Qi, H. J. Tanudjaja, C. A. Hejase, J. W. Chew, and V. V.
Tarabara. 2020. “Membrane fouling by emulsified oil: A review.” Sep.
Purif. Technol. 248 (Oct): 116919. https://doi.org/10.1016/j.seppur
.2020.116919.

Van der Marel, P, A. Zwijnenburg, A. Kemperman, M. Wessling, H.
Temmink, and W. van der Meer. 2009. “An improved flux-step method
to determine the critical flux and the critical flux for irreversibility in a
membrane bioreactor.” J. Membr. Sci. 332 (1-2): 24-29. https://doi.org
/10.1016/j.memsci.2009.01.046.

Vera, L., E. Gonzalez, O. Diaz, and S. Delgado. 2014. “Performance of a
tertiary submerged membrane bioreactor operated at supra-critical
fluxes.” J. Membr. Sci. 457 (May): 1-8. https://doi.org/10.1016/j
.memsci.2014.01.027.

Vera, L., E. Gonzdlez, 1. Ruigémez, J. Gémez, and S. Delgado. 2015.
“Analysis of backwashing efficiency in dead-end hollow-fibre ultrafil-
tration of anaerobic suspensions.” Environ. Sci. Pollut. Res. 22 (21):
16600-16609. https://doi.org/10.1007/s11356-015-4857-0.

Wandera, D., and S. M. Husson. 2013. “Assessment of fouling-resistant
membranes for additive-free treatment of high-strength wastewaters.”
Desalination 309 (Jan): 222-230. https://doi.org/10.1016/j.desal.2012
.10.013.

Wang, Z., J. Ma, C. Y. Tang, K. Kimura, Q. Wang, and X. Han. 2014.
“Membrane cleaning in membrane bioreactors: A review.” J. Membr.
Sci. 468 (Oct): 276-307. https://doi.org/10.1016/j.memsci.2014.05.060.

Wu, Z., Z. Wang, S. Huang, S. Mai, C. Yang, X. Wang, and Z. Zhou. 2008.
“Effects of various factors on critical flux in submerged membrane bio-
reactors for municipal wastewater treatment.” Sep. Purif. Technol.
62 (1): 56-63. https://doi.org/10.1016/j.seppur.2007.12.016.

Yordanov, D. 2010. “Preliminary study of the efficiency of ultrafiltration
treatment of poultry slaughterhouse wastewater.” Bulg. J. Agric. Sci.
16 (6): 700-704.

Zhou, J., D. Wandera, and S. M. Husson. 2015. “Mechanisms and control
of fouling during ultrafiltration of high strength wastewater without pre-
treatment.” J. Membr. Sci. 488 (Aug): 103—110. https://doi.org/10.1016
/j.memsci.2015.04.018.

J. Environ. Eng.

J. Environ. Eng., 2023, 149(10): 04023063


https://doi.org/10.1016/j.memsci.2006.02.040
https://doi.org/10.2166/wst.1998.0701
https://doi.org/10.2166/wst.1998.0701
https://doi.org/10.1016/j.biortech.2004.06.026
https://doi.org/10.1016/j.biortech.2004.06.026
https://doi.org/10.1016/0011-9164(93)80047-Q
https://doi.org/10.1016/j.memsci.2009.04.034
https://doi.org/10.1016/j.memsci.2009.04.034
https://doi.org/10.1007/s11947-012-0806-9
https://doi.org/10.1016/j.desal.2011.04.055
https://doi.org/10.1016/j.desal.2011.04.055
https://doi.org/10.1016/j.desal.2012.07.033
https://doi.org/10.1016/j.cej.2013.02.131
https://doi.org/10.1016/j.psep.2016.11.015
https://doi.org/10.1016/j.psep.2016.11.015
https://doi.org/10.1016/j.chemosphere.2017.04.108
https://doi.org/10.1016/j.chemosphere.2017.04.108
https://doi.org/10.1016/j.seppur.2020.116919
https://doi.org/10.1016/j.seppur.2020.116919
https://doi.org/10.1016/j.memsci.2009.01.046
https://doi.org/10.1016/j.memsci.2009.01.046
https://doi.org/10.1016/j.memsci.2014.01.027
https://doi.org/10.1016/j.memsci.2014.01.027
https://doi.org/10.1007/s11356-015-4857-0
https://doi.org/10.1016/j.desal.2012.10.013
https://doi.org/10.1016/j.desal.2012.10.013
https://doi.org/10.1016/j.memsci.2014.05.060
https://doi.org/10.1016/j.seppur.2007.12.016
https://doi.org/10.1016/j.memsci.2015.04.018
https://doi.org/10.1016/j.memsci.2015.04.018

