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Abstract

Ultrafiltration (UF) has been widely utilized as water pretreatment for different applications
especially in water reuse. The UF system operation is characterized by a filtration phase, where
particles accumulate on the membrane surface resulting in an increase in the transmembrane
pressure (TMP) and a cleaning phase, where foulants are removed through cleaning cycles
including physical backwash and chemical enhanced backwash (CEB). In this study, data from an
engineering-scale UF system treating reclaimed wastewater were used to assess the impact of
backwashing on the filtration process. TMP backwash trigger, backwash duration, and CEB
frequency were purposely varied for a cycle-by-cycle investigation on the net water production,
water recovery, initial operating TMP, and filtration cycle duration. As the TMP backwash trigger
was varied between 62 and 145 kPa, the maximum net water production (63 m?/d) was achieved
at 103 kPa and water recovery remained relatively constant at approximately 92%. Backwash
durations of 45, 65, and 85 seconds were performed where both net water production and water
recovery yielded similar results (~63 m>/d and ~91%) compared with 103 kPa TMP backwash
trigger. The CEB frequency was also lowered from one every three backwashes (1/3) to 1/6 and
1/12 and resulted in decreased net water production and water recovery while the initial TMP
increased. Interestingly, the total number of CEBs remained approximately constant regardless of
their frequency. Results suggest that CEB is an important fouling control process to maximize
water production.

Keywords: ultrafiltration; water reuse; membrane fouling; backwash; data mining.



1. Introduction

Membrane-based processes are currently the leading technologies for sustainable water
production for a wide variety of applications, including water reuse. Membrane processes
including ultrafiltration (UF) [1, 2], nanofiltration (NF) [3-5], reverse osmosis (RO) [6-8], forward
osmosis (FO) [9-11], and membrane distillation (MD) [12-14] are well-researched technologies at
different stage of development that are present in the water treatment and reuse research field for
both potable and non-potable applications. Water reuse is one of the unconventional water
resources that has been expanding rapidly to overcome the increased demand for clean water [15,
16]. In the last few decades, advanced treatment and membrane systems have been adopted when
physical space is limited, and water reuse is being considered [17, 18]. Full advanced treatment
(FAT) is an effective barrier against salinity, organic pollutants, and pathogens and has emerged
as a state-of-the-art technology for water reuse applications. FAT is a multi-barrier treatment
system that includes MF/UF, RO, and advanced oxidation processes (AOP) [19]. The FAT system
produces high-quality water, removing pathogens as well as physical and chemical constituents to
meet water quality limits. UF is an essential part of FAT systems and has been increasingly
implemented as pre-treatment for wastewater treatment and recycling, including water reuse
applications [15]. UF membranes are versatile and have been extensively applied in combination
with different processes such as membrane bioreactors [20], reverse osmosis membrane pre-
treatment [21, 22], and before/after biological aerated filters [23]. UF membranes provide an
effective barrier to the removal of particles, suspended/colloidal compounds, and micro-
organisms, delivering high-quality effluent compared to conventional pre-treatment methods [24].

Although UF has become a major component in most water reuse treatment schemes, the
operation, monitoring, and cleaning pose unique challenges to the process, mainly from membrane
fouling [2, 25]. Even though precipitation and deposition of particulates on the membrane
pores/surface could be alleviated by physical and chemical cleaning, membrane fouling is still a
complex phenomenon governed mainly by operating conditions, membrane characteristics, and
feed water quality [26, 27]. Fouling buildup on the membrane surface increases membrane
resistance, restricts water productivity, and challenges sustainable operations. In addition, besides
limiting water production, fouling also increases the cleaning frequency, energy consumption, and
consequently, operating costs [28, 29]. In water reuse applications, UF fouling is caused by major

potential foulants such as microbes, natural organic matter, inorganic, and colloidal content [29-
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31]. In addition, during fouling progression, there are several types of fouling mechanisms
typically observed. The main mechanisms can be described as: (i) complete blocking, when
molecules are larger than the membrane pores and block the fluid passage, (ii) standard blocking,
when molecules are smaller than the membrane pore size and accumulate on the pore walls (pore
constriction), (iii) intermediate blocking, similar but less restrictive than the complete blocking
mechanism, when some molecules block the membrane pores, while others deposit on molecules
already accumulated on the membrane surface, and (iv) cake filtration, when molecules are
deposited on the membrane surface in a permeable cake layer of crescent thickness [32, 33].
Hlavacek and Bouchet developed a blocking law equation that describes fouling mechanism type
at constant-flux dead-end filtration [34]. These fouling mechanisms can occur individually or
simultaneously during the UF filtration. Each mechanism has a signature impact on the loss of
process performance (e.g., water production) [35]. Nevertheless, in the UF process, especially
dead-end mode, complete pore blocking and cake filtration are the dominant fouling mechanisms
[30, 32, 36].

The operation of a UF system is commonly characterized by a series of cycles, where each
cycle has two operating phases: a filtration phase, where foulants accumulate on the membrane
surface, increasing the transmembrane pressure (TMP) in a dead-end and constant-flux operation
mode; and a cleaning phase, where the foulants are removed through backwash cleaning methods
including physical backwash, chemical-enhanced backwash (CEB), and chemical clean-in-place
(CIP). Filtration and backwash cycles alternate to produce the desired filtrate. The physical
backwash cycle is an intermittent routine process that takes place after each filtration cycle and is
triggered by a set filtration duration or by a set TMP value (i.e., the maximum filtration pressure
that when is reached triggers the start of the backwash cycle). The physical backwash includes air
scouring and a subsequent reversed filtration flux to unblock the fiber’s pores and clean the
membrane and thus remove reversible fouling. However, due to the gradual accumulation of
irreversible fouling over several filtration cycles, a CEB cycle is used to achieve deeper membrane
cleaning and minimize irreversible fouling [37]. Usually, a CEB cycle is operated on a periodic
automatic sequence initiated after a predefined number of physical backwash cycles where it
involves soaking the membrane for several minutes in a low concentration of a chemical solution
(e.g., sodium hypochlorite, sodium hydroxide, or hydrochloric acid). The physical and/or chemical

reaction between chemical agents and foulants helps remove fouling and avoid microorganisms'
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growth on the membrane surface and inside the pores [38, 39]. Furthermore, the progressive
buildup of irreversible fouling not removed by physical backwash or CEB leads to water
production decline over time because of long-term increase in operating TMP that maintains the
desired constant flux requiring CIP. In the CIP process, the membrane has a longer contact time
with chemical solutions, typically several hours, to reduce long-term irreversible fouling and
restore initial operating TMP and water productivity. Both physical backwash, CEB, and CIP
methods utilize a portion of stored UF-filtrate for cleaning. Therefore, excessive cleaning can
largely reduce water recovery, increase energy consumption, and increase cost, which pose
challenges to sustainable UF water production. However, less frequent backwashing can lead to a
higher fouling buildup rate that reduces the UF filtration cycle duration and therefore decreases
net water production. In addition, it is important to note that the membrane structure could be
damaged as a result of more frequent CEBs, altering the permeability and selectivity of the
membrane [40, 41].

UF fouling has been a major interest area in the last few years. Numerous studies have focused
exclusively on UF membrane fouling on lab-scale [42-46] and only a few on pilot and engineering-
scale systems [46-50]. As membrane fouling is primarily affected by backwash conditions (e.g.,
flow rate, pressure, frequency, and chemical dosing); studying the influence of these parameters
provides a better assessment of UF operation, primarily net water productivity. Accordingly,
various efforts have been made to enhance the UF filtration process by investigating the backwash
methods including backwash water composition [25, 51-54], additional air sparging steps [55-
58],use of different chemical cleaning agents [38, 39, 59, 60], and in-line pre coagulation [61-65].
Most previous works, however, have focused on short-term single or multiple experiments using
synthetic water. A knowledge gap exists in assessing the long-term impact of filtration and
backwash, and the need for cycle-by-cycle and data mining analysis for a continuous engineering-
scale system treating reclaimed wastewater. Cycle-by-cycle analysis is a method of monitoring the
parameters of the UF system by mining the whole raw data generated and analyzing the UF process
on a cycle-by-cycle basis (filtration, backwash, and CEB). In addition, unlike pilot-scale, an
engineering-scale system is a system representative of full-scale, which is fully automated,
monitored, and operated continuously. Although the availability and complexity of water system
datasets can be challenging, cycle tracking and data-driven analysis of raw operational data can
help spot and identify any faults or irregularities [66-68]. The data management analysis helps
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organize and examine the overall state of operating conditions with the goal of optimizing the UF
parameters, while long-term cycle-by-cycle monitoring can provide a detailed assessment of the
UF system operation behavior.

In this study, an engineering-scale UF system treating reclaimed wastewater was used to
determine how TMP backwash trigger, physical backwash duration, CEB frequency, and chemical
dosage variations influence the net water production, operating TMP, and energy consumption of
the UF system. This study takes advantage of operational data generated by the engineering-scale
UF system. Week-long experiments were conducted to isolate the effect of operating parameters
in a cycle-by-cycle analysis allowing a detailed investigation of the net water production, water
recovery, initial operating TMP, and filtration cycle duration, as well as to identify the mechanisms
and rate of fouling were also assessed during the filtration process. This study presents a first step
to develop a data management procedure for monitoring cycle-by-cycle behavior, in which net
water filtrate, filtration cycle duration, and initial TMP serve as UF operation metrics and fouling

indicators.

2. Materials and Methods
2.1. Engineering-scale ultrafiltration system

The engineering-scale UF system (Figure 1) is part of a UF-RO water reuse train (Applied
Membranes, Inc., Vista, CA, USA) that can treat up to 75 cubic meters per day of reclaimed
wastewater. The UF engineering-scale system has been operating continuously for more than three
years at the Water & Energy Sustainable Technology (WEST) Center at the University of Arizona
in Tucson, Arizona (USA). It is composed of one DOW IntegraFlux module UXA-2680XP hollow
fiber polyvinylidene fluoride (PVDF) UF membrane (55 m? active area, nominal 0.03 pm pore
diameter) operated in a dead-end outside-in filtration mode with a constant instantaneous flow of
53 liters per minute (57.8 L/m? h water flux). Reclaimed wastewater is pretreated with 90 and 140-
mesh (162 and 104 um) screen filters in series before entering the UF feed tank and two 100-mesh
(152 pm) screen filters in parallel prior to the UF module. UF filtrate is used for backwash. For
CEBs, two chemical dosing pumps utilizing sodium hypochlorite and sodium hydroxide are used.
The UF system is fully automated and constantly monitored. Both UF feed and filtrate samples are

collected periodically for water quality analysis.
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Figure 1. Schematic of the ultrafiltration engineering-scale system

2.2. Reclaimed wastewater
Treated wastewater effluent from Pima County's Agua Nueva Water Reclamation Facility
(five-stage Bardenpho wastewater treatment system bioreactors and clarifiers, disk filters, and
chlorination) was passed through two screen filters before being pumped directly to the UF system.
The average intake reclaimed wastewater quality is shown in Table 1.

Table 1. UF feed and filtrate water quality

Water quality parameter UF feed UF filtrate
Turbidity (NTU) 0.7-1.0 0.1-0.2
pH 7.0-73 7.0-7.3
TDS (mg/L) 650 - 700 650 - 700
TSS (mg/L) 1.0-1.1 0.1-0.15
Total fluorescence (10° R.U.nm?) 10 - 30 1-2
TOC (mg/L) 8-11 5-7




2.3. Physical backwash and chemical-enhanced backwash (CEB)

The physical backwash cycle occurs when the filtration operating TMP exceeds a
predetermined TMP set-point. For CEBs, two chemicals were used, sodium hypochlorite (6% v/v,
NaClO, Kroger, Cincinnati, OH) for CEB-1 and sodium hydroxide (50% w/v NaOH; >99% purity,
Duda Energy LLC, Decatur, AL) for CEB-2. CEB-1 cycle is initiated after three physical
backwashes, and CEB-2 is triggered after two CEB-1 cycles. Both physical backwash and CEB
cycles automatic sequences are shown in Table 2. UF-filtrate stored in the filtrate tank was used

for both physical backwash and CEB cycles.

Table 2. UF initialization control strategy sequence

START UF

UF 1: Forward Flush

UF 2: Reaching Target Flow
UF 3: ONLINE

Physical Backwash

BW 1: Air scouring

BW 2: Drain

BW 3: Top backwash

BW 4: Bottom backwash preparation
BW 5: Bottom backwash

BW 6: Backwash decompression

Proceed to START UF, STOP UF or CEB

Chemical-enhanced backwash

CEB 1: Top flushing with chemicals
CEB 2: CEBn flushing the top
CEB 3: Soaking
CEB 4: Top chemical rinsing
CEB 5: Bottom chemical rinsing
CEB 6: Preparation for cycle end
Proceed to UF START or STOP UF




2.4. Data mining

A supervisory control and data acquisition (SCADA) and programmable logic controller (PLC)
systems of the engineering-scale UF system were used to control and monitor the operating
conditions with data recorded every five seconds and then saved to the terminal computer. Table
2 describes the UF PLC control strategy with a predefined time. Preparing raw data for analysis
involves data pre-processing, which includes extracting, aggregating, and cleaning the data. A
large amount of raw data is recorded for each experiment. Once the data is extracted, it is then pre-
processed and analyzed with a Python script developed for the UF system. This pre-processing
script breaks down the operational data of the UF process events into three phases: filtration,
backwash, and CEB, based on the UF initialization control strategy sequence allowing to
determine the operational outputs (total water production, net water production, duration, etc.). In
addition, pre-processing checks for general data quality, flags errors and inconsistencies in the
experimental data (if any) and converts the data into a more human-interpretable form for further
analysis. Data pre-processing is used to ensure that outliers’ readings of sensors not involved with
the proper state of operation are ignored. For example, noise in the sensors measuring the flow
rates may result in a small reading even during times of non-operation. Typically, these sorts of
readings can be ignored; however, due to the timescale of this analysis, these errors can accumulate
into a measurable magnitude which can cause incorrect reporting of system performance.
Furthermore, any gaps in data greater than 10 seconds due to logging errors in the system, were
backfilled using the average value of each parameter.

2.4.1 Splitting data into cycles and identification of operating regimes

The UF system reports instantaneous data; however, data were grouped and utilized in multiple
timescales including instantaneous/raw, single filtration cycle (time between physical
backwashes), and daily intervals. The length of the cycles was determined by tracking the changes
in the value of the UF start-up variable. Once the cycles have been identified, each measurement
within the cycle was annotated with information about the current state of the system. The four
potential operating stages were identified (filtration, physical backwash, chemical-enhanced
backwash with NaClO or NaOH, and system off). The operating flow chart of UF processes is
shown in Figure 2. Information about the total time spent in each state within the cycle is also

documented, allowing us to compute the cycle-by-cycle and operational duration.
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Figure 2. UF process flow diagram

As each UF sequence (filtration, physical backwash and CEB cycles) with different steps is
recorded and given unique ID, all raw data were separated and tabulated. Each sequence and step
are identified and quantified for cycle-by-cycle analysis of total and net water production, water
recovery, cycle duration, and initial operating TMP. The net water production is calculated as:
Net water production = Vi — Vgy, — Vegp (1)
where V7 1s the total filtrate volume, Vaw is the filtrate volume used during physical backwash, and
Vcep 1s the filtrate volume used during chemical-enhanced backwash. The water recovery is
calculated as the ratio between net water production and total water production. The initial
operating TMP value was selected at the start of the filtration cycle. For each set of experiments,
net water production, water recovery, initial operating TMP, and cycle duration were calculated
for each cycle through the period of the experiment then a daily average was calculated.

2.4.2 Backwash trigger identification

The backwash cycle is triggered when the UF TMP exceeds the set-point. However, initial
analysis of the recorded data revealed that the backwash was triggered below the set-point of the
TMP on several occasions during the UF cycle. Further analysis of those specific cases revealed
that the physical backwash was initiated because the water storage tank was full. Identifying the
trigger for the backwash is important since it directly impacts the duration and productivity of the

filtration cycle. When the physical backwash is triggered because of the tank level, the filtration
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cycle is terminated mid-operation before the TMP set point is reached, leading to reduced water
production. To keep track of this, each filtration cycle within the dataset was annotated as either
“TMP-triggered” or “tank-level triggered” based on the TMP value at the end of the filtration
cycle. The total, net, and daily averaged water production, water recovery, and filtration cycle
duration were computed.
2.5. UF fouling mechanisms
The fouling mechanism of constant flow rate dead-end UF was analyzed using the blocking

laws [34, 69]:

P _ (d_P)”

dav? dv

where P is the transmembrane pressure, V' is the cumulative filtrate volume, £ is the fouling

)

coefficient, and 7 is the fouling index. The fouling index describes the type of fouling mechanism,
with n = 2 for complete blocking, n = 1.5 for standard blocking, n = 1.0 for intermediate blocking
and n = 0 for cake layer [33]. The fouling index can be obtained from the slope of the logarithmical
plot of d*P/dV? as function of dP/dV. The first and second derivatives were calculated based on
numerical differentiation of experimental data. Furthermore, as the first derivative indicates the
TMP variation, a rapid change in the second derivative suggests a potential fouling mechanism
shift during filtration.
2.6. Experimental protocols

The engineering-scale UF system was used to conduct a week-long experiment for each of the
different TMP backwash trigger, physical backwash duration, CEB frequency, and chemical
dosage conditions. First, five TMP backwash trigger conditions of 62, 82, 103, 124, and 145 kPa
(9, 12, 15, 18, and 21 psi) were tested with a fixed physical backwash duration of 65 seconds.
From these experiments, the TMP trigger condition that resulted in the highest net water
production was selected for the next set experiments. Using the TMP trigger condition of the
highest net water production from the first set of experiments, a second set of experiments was
conducted where the duration of the physical backwash duration was varied between 45 seconds
and 85 seconds. Lastly, a third set of experiments was conducted where the CEB frequency was
varied by lowering its frequency from one every three physical backwashes (1/3) to 1/6 and 1/12.
Furthermore, the effect of the chemical dosing was tested by running experiments with frequency

of (1/6) with no chemicals used in the CEBs. Throughout all the experiments, the filtrate flow rate
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and physical backwash flow rate was constant at 53 and 114 L/min (14 and 30 gallon/min)
respectively.
2.7.Specific energy consumption

The engineering-scale UF system electricity usage (kWh) was obtained from data recorded
daily by a power meter. The volume of UF feed water was recorded by a water flow meter (Carlon
Meter, Grand Haven, MI). The actual specific energy consumption (SEC,) of the UF system was
calculated in kWh/m? as:
Energy used

Qf

where Qf is the UF feed water flow rate. In addition, the theoretical specific energy consumption

SEC, = 3)

(SECu) of the filtration process was calculated as:

_ 2(QpxTMP)
SECen = 2(Qri) @

where Q;; is the UF filtrate flow rate.

3. Results and Discussion

3.1. Filtration cycle length and transmembrane pressure trigger
As the TMP backwash trigger was varied between 62 and 145 kPa (9 and 21 psi) —
hypothesizing that higher pressure would allow for longer filtration time — the filtration time
increased as the TMP backwash trigger increased only up to 103 kPa (15 psi) and decreased
afterward (Figure 3a). Also, it was observed that as the TMP backwash trigger increases, the
resulting initial TMP also increases, suggesting a fixed TMP recovery amount, which is likely
because the backwashing has a fixed level of impact irrespective of the operating TMP. Because
the longest filtration time was reached at 103 kPa (15 psi) (45+3 min filtration cycle duration), this
TMP value resulted in the condition having the highest net water production (63 m?/d) and water
recovery (Figure 3b). It is worth noting that, while net water production is statistically different
for all the TMP backwash trigger conditions, the water recovery remained high and around 90%,
which indicates that the system should not only be evaluated based on the water recovery
parameter.
(a) (b)
12
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values.

The TMP difference between the start and end of filtration cycles can be visualized in Figure
4a. For 62 and 82 kPa (9 and 12 psi) backwash trigger conditions, the TMP difference between the
start and end of filtration is relatively constant along the one-week testing period. This suggests
that the backwashing setting may have been over-conservative, as the initial TMP after
backwashing was constant and similar (approximately 48-55 kPa, 7-8 psi) for both settings. A
decrease in the TMP difference was observed over time for physical backwash trigger pressures
from 103 to 145 kPa (15 to 21 psi), although these pressures yielded longer filtration duration and
higher net water production. This behavior suggests that for the higher TMP backwash trigger
conditions, there is a higher fouling accumulation which isn’t fully removed by physical backwash.
When increasing the TMP backwash trigger, other backwashing parameters (e.g., physical
backwash duration or flow rate) should be also altered to completely remove the fouling layer.
Moreover, interestingly, when the rate of increase of TMP over time is plotted as function of time
(Figure 4b), it can be observed that the foulants accumulation rate is slower during the night than
the day. This fluctuation is likely due to variations in reclaimed wastewater composition, which

produces a less concentrated effluent (low fouling) during the night.
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3.2. Filtration cycle behavior

The first experiment focused on studying the impact of the TMP backwash trigger condition
on UF net filtrate production. UF fouling occurs during filtration and increases the resistance, and
fouling is removed to some degree by backwashing. To understand the net water production
variation at different TMP backwash trigger conditions, the TMP behavior was analyzed as a
function of time for all filtration cycles (Figure 5). Despite having different TMP backwash trigger
conditions 62, 82, 103, 124, and 145 kPa (9, 12, 15, 18, and 21 psi), the TMP evolution as a
function of time of the different filtration cycles was similar. The minimum pressure was achieved
at a TMP backwash trigger of 62 kPa (9 psi), with all the cycles starting at 41 kPa (6 psi). At this
point, all the reversible fouling is recovered, and the membrane is considered in a clean state.
Increasing the TMP backwash trigger led to an increase in the initial operating TMP of the different
TMP trigger experiments for each filtration cycle. In addition, the progressive fouling increases
the initial operating TMP even more with time for each experiment. For all tested physical
backwash trigger pressures, the membrane could not be restored to its original state, likely due to

14



irreversible fouling resulting in the reduction in UF backwash effectiveness with time. A portion
of the foulants that are not removed by physical backwash would be poorly removed or remain
irreversible in the subsequent backwash cycles, in which the accumulation on the membrane
surface reduces net water production. This can also be explained as the system backwashing has
fixed TMP recovery, which remains constant regardless of the set point increases. From Figure 5,
for each TMP trigger conditions (62, 82, 103, 124, and 145 kPa), the average pressure increase
between the start and end of a filtration cycle remained approximately constant (21, 28, 41, 48,
and 55 kPa) through the duration of the experiment. This behavior is also observed when all cycles
are plotted as a function of the filtrate volume (Figure 6). To better illustrate the consistency of the
general shape seen for the TMP profiles in Figure 5, the TMP profile for each TMP range is
combined into one uninterrupted profile. Each of the resulting uninterrupted cycles is then plotted
as a function of filtrate volume to show the consistent overlap and shape of this data. In Figure 6a,
the different colors represent each uninterrupted filtration cycle, and it is noted that for all tested
TMP set-points the TMP slightly increases at the beginning of the UF operation, likely due to
initial membrane stabilization. A rapid increase in TMP is observed as more volume is filtered
until it reaches the TMP trigger value. This sharp increase in pressure is likely associated with the
particles’ deposition on the membrane surface, which consequently increases the membrane
resistance. It can also be observed that this behavior is persistent and independent of the TMP
trigger condition. All the TMP profiles in Figure 6a were then averaged and curve-fitted to create
a TMP profile that represents the average behavior of all filtration cycles throughout the entire
TMP range (Figure 6b). All cycles of all different TMP backwash trigger conditions tend to have
uninterrupted TMP profiles, which generates one overall cycle. The effect of the different TMP
backwash trigger conditions, different CEB frequencies, and dosing can be seen from the upper

and lower bound as cycles start at different TMP.
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3.3. UF fouling mechanisms

To analyze the fouling mechanisms, data from Figure 6b was plotted as first and second
pressure derivative with respect to filtrate volume (Figure 7). As shown in Figure 6b, an initial
slow gradual increase in TMP was observed for filtrate volume up to 2 m?, but then the rate
increased rapidly (to 4.5 m?). Similarly, in Figure 7a, it is observed that dP/dV gradually increases
at short filtration volumes (up to 2 m?), and then increased exponentially at long filtration times
until it reaches a maximum value at filtration volume of 4.5 m>, after which the TMP variation rate
starts decreasing. This negative slope can represent a direct transition from pore blockage to cake-
layer filtration in UF membranes [70]. Also, it is reported that organic fouling usually occurs in
three stages: pore blocking, cake filtration without compression, and cake filtration with
compression [71]. Therefore, the observed occurrence suggests that the increase in resistance at
the initial stage of filtration sharpens the slope mainly due to pore blocking increase, and the
change from positive to negative slope in the final period is likely related to the cake filtration
mechanism formation [72, 73]. Illustrated in Figure 7b, the second derivative resulted in a complex
behavior which cannot be explained by the classical blocking filtration law represented by Eq. (2).
This fluctuating behavior complements the hypothesis that combined effects of different individual
fouling mechanisms may be occurring. The rapid change in the second derivative suggests a
dominant fouling mechanism and a shift from one mechanism to another can be noted when the

d’P/dV? changes from positive to negative values.
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Figure 7. Rate progression of TMP a) TMP first derivative and b) TMP second derivative as a
function of filtrate volume. The red line represents the derivative rate change over volume

produced.

To further identify the dominant fouling mechanism and/or if a fouling mechanism transitioned
from one to another in each experimental period, the logarithmic values of the second derivative
were plotted as a function of the first derivative (Figure 8) and the blocking laws were used to fit
the results. Therefore, the characteristic slope (fouling index) of filtration data was analyzed based
on the classical blocking laws. The slope value (n) is close to two at the early filtration stage,
indicating that a complete pore blocking mechanism is taking place. As the filtration proceeds, the
fouling index becomes equal to zero, indicating a transition from complete pore blocking to cake
layer. Since the engineering-scale system has been operating for three years prior to these
experiments, the membrane pore area availability was likely reduced over time due to irreversible
fouling. Considering that the complete pore blocking mechanism is associated with molecules
larger than the membrane pore size, the reduction in UF effectiveness during the cycles is probably
related to the deposition of particles larger than 0.03 pm on the membrane surface, therefore the
fouling mechanism is not initiated by internal pore fouling, but surface fouling (pore blocking)

that later is transitioned to cake layer.
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Figure 8. Constant flux blocking law analysis of the unified cycle data points. Red lines
represent average slope value of derivative points indicating fouling mechanism initiated as
complete blocking (slope of 2) then transitioned to cake layer (slope of 0).
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3.4. Backwash duration

Considering that the highest net water production and longest filtration cycle duration were
achieved at 103 kPa (15 psi) with a backwash duration of 65 seconds, this TMP setting was selected
for additional experiments. The tests were performed with a shorter (45 seconds) and a longer (85
seconds) backwash duration and compared with the original backwash duration (65 seconds)
(Figure 9). Increasing the backwash duration had relatively small increase on both initial TMP and
filtration cycle duration (Figure 9a). Approximately the same net water volume (4.5 m?/d) was
produced at different backwash duration, and with similar water recovery rates (~91%), suggesting
that 45 seconds backwash period is adequate (Figure 9b). Overall, unnecessary backwashing

cycles wastes both filtration volume and operation time and increases the overall energy

’ GOE ;70 o 7
il
: s Ol A1 7

Figure 9. Impact of different backwash duration tested (45, 65 and 85 seconds) on a) initial
operating TMP (lll) and filtration cycle duration (EZ3) as function of backwash duration, and b)

net water production (Il) and water recovery (EZ3). Bars represent daily average values

3.5. Chemical-enhanced backwash (CEB) frequency
The CEB frequency was varied by lowering the frequency from one every three physical
backwashes (1/3) to 1/6 and 1/12. Also, the absence of the chemical dosing was tested with 1/6 of
physical backwashes and results are presented in Figure 10. As illustrated in Figure 10a, reducing

the CEB frequency increases the initial operating TMP and decreases filtration cycle duration.
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Decreasing the CEB frequency from 1/3 to 1/12 resulted in the cycle duration to decrease from 48
to 22 minutes and the initial TMP to increase from 76 to 90 kPa (11 to 13 psi). As expected, a less
frequent CEB allows for longer build-up of biofouling on the membrane surface which is not
removed as easily/quickly (hence the higher TMP). Furthermore, both net water production and
water recovery decreased with less frequent CEB (Figure 10b). The lowest water production and
recovery were obtained when no chemicals were utilized in the CEBs. Interestingly, because of
the shorter filtration cycles, the number of CEBs during the testing period were approximately the
same regardless of their frequency (Table 3), except for the no chemical dosing (ND) test. This is
important evidence that CEB is an essential operating parameter to maximize water production

and recovery.

(a) (b)

% —40§ S | %{,
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Chemical-enhanced Backwash Frequency Chemical-enhanced Backwash Frequency
Figure 10. Dependence of a) initial operating TMP (Illl) and filtration cycle duration (EZ), and
b) net water production (Ill) and water recovery (EZ) on the different chemical-enhanced
backwash (CEB) frequencies tested. Bars illustrate the daily average data.

Table 3. Number of physical and chemical-enhanced backwashes for different frequencies.

Chemical-enhanced backwash Number of physical Number of chemical-enhanced
frequency backwashes backwashes
3 187 41
6 224 37
12 373 36
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6 (No chemical dosing) 415 96

[ustrated in Figure 11 is the impact of the CEB frequency on the filtration cycle durations
over time. The filtration cycle duration is inversely proportional to the CEB frequency; higher
CEB frequencies restore the operating TMP to lower initial values and thus result in longer
filtration cycle durations. However, as the length of time from the last CEB event increases, the
filtration cycle duration gets shorter. In addition, in the absence of chemical dosing, there was no
difference between the filtration cycles duration since the initial operating TMP after backwashing
remained high, causing each subsequent filtration cycle duration to be shorter. Furthermore, the
CEB experiments were tested at a fixed duration, and the results suggested that CEB frequency
appears to greatly influence the fouling rate. However, CEB duration is another parameter that
could be adjusted to improve the effectiveness of the CEB cycle. This finding agrees with previous
literature that CEB has a large impact to prevent fouling build up and maintain permeability in UF

membranes [41, 74].
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Figure 11. Filtration cycle duration of each cycle for different CEB frequencies. (®) 1/3; (@)
1/6; (@) 1/12; (®) 1/6 No chemical dosing (ND). Data point illustrate the effect of CEB

frequencies on the duration filtration cycles.

3.6. Specific energy consumption
In dead-end ultrafiltration, a lot of energy is consumed during both the filtration and backwash

processes. The main energy-consuming components in UF systems are the feed pump, backwash
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pump, and air blowers, and typical energy consumption values range between 0.1 and 0.4 kWh/m?
[75]. Mlustrated in Figure 12 is the actual and theoretical specific energy consumption for each
studied TMP backwash trigger. In general, for all studied conditions, the actual UF SEC ranged
from 0.3 to 0.4 kWh/m?, and 0.34 kWh/m? for the longest filtration cycle (103 kPa). As expected,
UF energy consumption increases as TMP backwash trigger increases primarily in proportion to
the higher operating pressure, and thus more energy is consumed. Moreover, the SECy, ranged
from 0.018 to 0.038 kWh/m>. Although the SEC results were approximately ten times less than
the actual specific energy consumption, they followed the same trend as a function of the TMP
backwash trigger. This difference is because rather than considering the whole UF system (air
blower, chemical dosing pumps, SCADA system, etc.) the theoretical energy consumption only

accounts for the filtration process.
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Figure 12. Actual (lll) and theoretical (BZ) specific energy consumption of the UF as a
function of the TMP backwash trigger tested (62, 82, 103, 124, and 145 kPa).

4. Conclusion

UF is increasingly used in various water industries, however membrane fouling challenges its
permeability and efficiency. To overcome this challenge, it is important to monitor UF systems'
filtration and backwashing cycles. Cycle-by-cycle analysis of UF system data is an essential
approach to identify influential parameters that affect the productivity and effectiveness of the UF
system and detect any changes over time. This approach allows for real-time adjustments to

optimize the system and maintain high production. In this study, a continuous engineering-scale
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UF system treating reclaimed wastewater was used to conduct a series of long-term experiments
investigating the impact of different operating conditions in cycle-by-cycle analysis to evaluate
UF net water production variation and maximize water recovery using different backwash cleaning
strategies. Experimental results showed that the 103 kPa (15 psi) TMP backwash trigger yielded
the highest net water production (63 m?/d) with a water recovery of 92%. Moreover, the potential
fouling mechanism transitioned from pore blocking to cake filtration. As a result of the gradual
accumulation of the suspended particulates on the membrane surface, the fouling mechanism shifts
to cake formation faster. Meanwhile changing the backwash duration resulted in only a minimal
increase on cycle duration and the net water produced was slightly decreased. In addition, the CEB
frequency was a key parameter to maximize water production and recovery and confirmed that
chemicals are necessary to maintain robust operation. Moreover, a high dependance of the actual
specific energy consumption (0.3 to 0.4 kWh/m?) was observed as TMP backwash trigger
increased (62 to 145 kPa). UF net water production or TMP deviation is a long-term process that
should be addressed and studied in an engineering-scale system with real water considering all
data generated. This study highlights the importance of cycle-cycle assessment to explore the most

influential parameters and enhance UF filtration and backwash to achieve the desired productivity.
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