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ABSTRACT: The present study evaluated the performance of a
full-scale gravity-driven membrane filtration system with passive
hydraulic fouling control (PGDMF) for drinking water treatment
in a small community over a 3-year period. The PGDMF system
consistently met the design flow and regulated water quality/
performance parameters (i.e., total coliform, Escherichia coli,
turbidity, and membrane integrity). The instantaneous temper-
ature-corrected permeability (TCP) varied seasonally, being greater
during the winter months. The overall TCP decreased slowly to
~60% of the initial value by the end of 3 years, a TCP that is much
greater than would have been expected without passive hydraulic
fouling control. Although it was not possible to directly link the
observed seasonal changes in TCP to potential seasonal changes in
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the biofilm microbiome, the analysis did suggest that the lower TCP during summer months was due to a greater microorganism
richness in the feed and presence of filamentous, stalked, and biofilm-forming bacteria in the biofilm. Operation with higher trans-
membrane pressure (i.e., ~30 vs ~20 mbar) and more frequent passive hydraulic fouling control (i.e., every 12 vs 24 h) enabled a
greater flow to be sustained. The study demonstrated the long-term robustness and performance of GDMF with passive hydraulic

fouling control for drinking water treatment.

KEYWORDS: biofilm, full-scale, long-term operation, gravity-driven membrane filtration, microbial community,
passive hydraulic fouling control, seasonal variations, semicentralized water treatment

1. INTRODUCTION

Gravity-driven membrane filtration (GDMF) uses hydrostatic
pressure as the driving force for filtration and typically operates
without any hydraulic or chemical cleaning measures, relying
on the formation of a porous biofilm structure on the
membrane surface to maintain a sustained permeate flux.'™*
To enable the formation of a porous biofilm structure, the
applied hydrostatic pressure (ie., trans-membrane pressure,
TMP) and the resulting permeate flux must be low.">* By
eliminating the need for complex mechanical and chemical
systems, GDMF is considered as an ideal alternative to
conventional drinking water treatment for small, remote, and/
or marginalized communities.* The permeate flux in GDMF
typically decreases by more than 90% at start-up.”>~” Although
a sustained permeate flux is eventually achieved, the large
initial decrease translates to a significant reduction in the
throughput capacity, potentially limiting the widespread
adoption of GDMF.

A number of hydraulic cleaning approaches have been
considered to increase the permeate flux of GDMF. Relaxation
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(i.e., permeate interruption) or backwash, on their own, were
not reported to be very effective at increasing the permeate
flux.”~" Contradicting results have been reported for air
sparging, with some studies reporting limited impact of air
sparging or crossflow,””""'* while others reporting a beneficial
impact on the permeate flux with low scouring intensity.”'® A
higher scouring intensity can increase the density of biofilms,
which could result in a lower permeate flux."> However,
combing approaches used to release (ie., relaxation and
backwash) and scour (ie., air sparging and crossflow) the
biofilm were reported to substantively increase the sustained
permeate flux.””~'"'* Although effective at increasing the
permeate flux, the implementation of the reported biofilm
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Figure 1. Schematic of Klehkoot PGDMF system ((a) dead-end filtration for both UF1 and UF2; (b) passive hydraulic cleaning for UF1 [dead-end
filtration for UF2]; thick lines highlight process of interest [i.e., dead-end filtration or passive hydraulic cleaning]; Train A [UF1 and UF2] is
illustrated, Train B [UF3 and UF4] is identical to Train A).

release and scouring approaches requires the use of mechanical developed to release and scour the biofilm." Air, for sparging,
systems (e.g., pumps and/or blowers), adding complexity and can be drawn into a membrane module by the vacuum
reducing the attractiveness of GDMF for use in small, remote, generated when the tank in which the module is housed is
and/or marginalized communities. drained (Figure 1). The vacuum also provides the driving force
Inspired by the mechanisms induced when a bottle of water for backwashing. Because air sparging and backwashing
is inverted, an alternative nonmechanical approach was induced by the tank drain are generated without any complex
71 https://doi.org/10.1021/acsestwater.4c00553

ACS EST Water 2025, 5, 70—80


https://pubs.acs.org/doi/10.1021/acsestwater.4c00553?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00553?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00553?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00553?fig=fig1&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.4c00553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water

pubs.acs.org/estwater

mechanical systems, we refer to these as passive hydraulic
cleaning approaches, or passive gravity-driven membrane
filtration (PGDMF) when applied to GDMF.

The efficacy of passive air sparging and backwash, combined
with relaxation for hydraulic cleaning, was demonstrated with a
pilot-scale PGDMF consisting of multiple custom and
commercially available (ZeeWeed 1500, Veolia Water
Technolo§ies & Solutions, Oakville Canada) membrane
modules.'® The study confirmed that a greater permeate flux
was achieved with, than without, passive hydraulic cleaning.
Passive hydraulic cleaning also effectively prevented the
accumulation of solids within the membrane modules, which
occurred without hydraulic cleaning. Based on the perform-
ance of the pilot-scale PGDMF, and its promise as a simple
approach to drinking water treatment, a full-scale PGDMF
system was commissioned by Indigenous Services Canada and
Nuu-Chah-Nulth Tribal Council to provide potable water for
the Klehkoot Reserve of the Hupacasath First Nation on
Vancouver Island in British Columbia, Canada.

Because PGDMF is a novel approach to drinking water
treatment, the British Columbia First Nation Health Authority
required the performance of the Klehkoot system to be
validated, which is the main objective of the present study.
Performance was quantified based on the ability to meet the
design flow and regulatory water quality requirements. The
study also provided an opportunity to assess seasonal
variations and the impact of operational set—Boints, notably
the trans-membrane pressure (TMP)"'*"/7*° and the
frequency of passive hydraulic cleaning, as these are expected
to impact the performance of PGDMEF and are the only two
readily adjustable operational set-points at the Klehkoot
PGDMF.

2. METHODS

2.1. Full-Scale PGDMF System Setup. 2.1.1. System
Description. The Klehkoot PGDMF system, which serves 10
households, consists of one raw water holding tank (capacity:
0.606 m*) and two parallel PGDMF trains (each with two
membrane modules: Train A (modules UF1 and UF2) and
Train B (modules UF3 and UF4)), one permeate water tank
(capacity: 0.397 m®), one drain pan (capacity: 0.0265 m?), and
a secondary chlorine disinfection system (Figure 1). Each
PGDMF train includes one feedwater tank (capacity: 0.114
m’) and two PVDF hollow-fiber outside-in ultrafiltration
membrane modules with a nominal pore size of 0.02 ym and a
filtration area of 55.7 m” per module (ZeeWeed 1500, Veolia
Water Technologies & Solutions, Oakville, Canada). ZeeWeed
1500-type membranes were selected because they are housed
within an enclosed casing that can easily be configured to
generate the vacuum required for passive hydraulic cleaning.'®
The hollow-fiber geometry and outside-in flow of the
ZeeWeed 1500-type membrane modules have a high
membrane packing density, resulting in a small system
footprint, and unlike inside-out flow hollow fibers,”’ do not
tend to clog.'® The modular configuration of ZeeWeed 1500-
type membrane modules also facilitates future expansion, if
needed, without requiring extensive infrastructure upgrades.

Raw water is pumped from the Sproat River to the raw water
holding tank, as needed to maintain a minimum liquid level,
from which the raw water flows by gravity to the feedwater
tank for each PGDMEF train. The flow of raw water from the
holding tank to the feedwater tank is controlled by a float
valve, which maintains a constant liquid level (+2 cm) in the
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feed tank. From the feedwater tanks, the feedwater flows
through a coarse strainer and then to the membrane modules,
the permeate header, and the permeate tank. The water level in
the permeate header is controlled by a manifold with three
stacked pipes, each at a different elevation. The difference in
water level between the feedwater tank and the permeate
header provides the driving force (i.e., TMP) for filtration. The
permeate in the permeate tank is pumped to the equalization
tank (capacity: 138 m®) when the liquid level in the permeate
tank reaches the maximum set point; a 6% solution of
hypochlorite is added to the permeate when pumped from the
permeate tank to achieve a target chlorine residual of 0.2 mg:
L™! in the distribution network, a regulatory requirement.””
The water level (meters) in the permeate water tank is
recorded every minute by the Supervisory Control And Data
Acquisition (SCADA) system, enabling the permeate flow and
the daily treated volume to be calculated. Following secondary
disinfection and equalization, the treated water flows by gravity
into the distribution network for the Klehkoot Reserve.

The filtration sequence for the PGDMF consists of repeating
cycles of dead-end filtration (Figure 1a) and passive hydraulic
cleaning (Figure 1b). The repeating cycles are automated and
controlled by the SCADA system. During dead-end filtration,
the feedwater valve is open and the drain valve is closed.
Feedwater flows by gravity from the feedwater tank to the
membrane module. The permeate water from UF1 and UF2 is
combined through a tee connection to the permeate header
and flows by gravity to the permeate water tank. Passive
hydraulic cleaning occurs after the dead-end of the filtration
period. During passive hydraulic cleaning, the feedwater valve
is closed. Passive hydraulic cleaning consists of a relaxation
(i.e., permeate flux interruption) period of SS min during
which the drain valve is closed, followed by 5 min of module
(i.e., membrane tank) drain during which the drain valve is
open. Passive air sparging and backwashing occur during the
tank drain. A ~1 h relaxation period followed by a few minutes
of air sparging was identified by Oka et al.” as optimal when
coupled with air sparging. The average air sparging flow is 9 L
min~" and the total volume of air added for sparging per drain
is approximately 18 L; equivalent to the drain volume of the
ZeeWeed 1500 membrane modules. The bulk of the liquid in
the module drains in approximately 2 min; only backwash
water drains for the remaining 3 min. No air for sparging enters
the module once the bulk module drain is completed. Only
one membrane module undergoes passive hydraulic cleaning at
a given time. The check valve on the vent pipe enables air to
escape from the module when filled with feedwater at the start
of a dead-end filtration cycle and prevents air from entering the
module when drained. Reject and backwash water flows by
gravity to the drain pan and, subsequently, to an infiltration
well. Excess production flow beyond the demand or treated
water reservoir capacity is discharged to an infiltration well. A
comprehensive cost analysis was not within the scope of this
study; nonetheless, the implementation of the system at
Klehkoot enabled the capital costs of PGDMEF to be accurately
obtained for a community of that size. For the system
components described above, excluding the secondary
disinfection (i.e.,, chlorination system), the capital cost was
$36,000 USD. Approximately 1/3 of this cost was for the
membrane modules, 1/4 for the system tanks, piping, and
valves, and 1/4 for the SCADA system.

2.2. Stages of the Study and Operational Set-Points.
A summary of the stages and operational set-points is

https://doi.org/10.1021/acsestwater.4c00553
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presented in Table 1. Low TMPs, in the range considered,
have been reported by others as ideal in limiting reduction in

Table 1. Summary of Stages and Operational Set-Points

stage 1 stage 2
cleaning cleaning
module  frequency” TMP* frequency” TMP*
UF1 every 24 h 32 £+ 0.5 cm every 12 h 22 + 0.5 cm
UF2 every 24 h 32 + 0.5 cm every 24 h 22 + 0.5 cm
UF3 every 24 h 31 +£2cm every 24 h 31+£2cm
UF4 offline offline every 12 h 31 +2cm

“23 h dead-end filtration followed by passive hydraulic cleaning. ’11h
dead-end filtration followed by passive hydraulic cleaning. “Difference
in TMP between UF1, UF2 and UF3, UF4 due to slight geometry
variances.

1,14,17—20

permeability. The upper limit of the TMP range was
constrained by the geometry of the Klehkoot PGDMF and the
prefabricated building in which it was housed. A passive
hydraulic cleaning frequency of once per 24 h was selected
based on the results from Oka et al,,” while a frequency of once
per 12 h was considered should more extensive hydraulic
cleaning be required.

During Stage 1, which lasted approximately 3 months, UF1,
UF2, and UF3 were operated in parallel, all with similar
operational set-points. At the beginning of Stage 2, which is
ongoing and for which 33 months of operational data are
presented, the operational set-points of UF1 and UF2 were
modified (Table 1) while those of UF3 remained unchanged.
UF4 was also started at the beginning of Stage 2. The original
UF3 (UF3a) was removed and replaced with a new membrane
module (UF3b) approximately 18 months after the start of
Stage 2. Membrane fibers were harvested from UF3a when
removed for microbiome analysis (Section 2.3.2).

2.3. System Monitoring and Analytical Methods.
2.3.1. Water Quality Parameters. Water temperature and
turbidity levels were measured on-site by the plant operator
twice a week. The temperature of the permeate was measured
with a thermometer and assumed to be the same as that of the
feed and in the membrane modules. The turbidity of the feed
and permeate was measured using a HACH 2100Q_Potable
Turbidimeter, calibrated as outlined in the HACH documen-
tation (Single step RapidCal for Low-Level Regulatory
Reporting from 0—40 NTU (FNU)). Samples of the feed,
permeate, and reject water for total organic carbon (TOC),
dissolved organic carbon (DOC), ultraviolet absorbance at 254
nm (UVA), specific UVA (SUVA), total suspended solids
(TSS), total phosphorus (TP), ammonia, and Total Kjeldahl
Nitrogen (TKN) analysis were collected on-site by the plant
operator and transported to laboratory at the University of
British Columbia (Vancouver, Canada). All samples were
refrigerated at 4 °C in the dark during storage and
transportation. Sample collection was performed twice a
week during the summer months in Year 1 of Stage 2 and
every 4—6 weeks for the remainder of the study period. TOC
and DOC were measured with a TOC analyzer (TOC-L CPH
PC-controlled high-sensitivity model with Autosampler ASL
from Shimadzu) using Non-Purgeable Organic Carbon
(NPOC) method (5310 B in APHA Standard Methods).>
DOC was measured after filtration through a 0.45 ym filter
(Supor poly(ether sulfone) Membrane from Pall Corporation).
UVA was measured immediately after filtration through a 0.45
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um filter (same as DOC) and was analyzed with a Spectronic
Unicam UV-300 UV—visible spectrometer (5910 B in APHA
Standard Methods).”” SUVA was calculated as the ratio of
UVA to DOC (Xx100). TSS was measured after filtration
through glass fiber filters (G4 Circles Fisherbrand) with the
residuals oven-dried at 105 °C for ~12 h. TP was measured
after sample digestion (4500-P B in APHA Standard
Methods)* and was analyzed using a PerkinElmer Optima
7300 DV Series Coupled Plasma Optical Emission Spectrom-
etry Systems at the wavelength of 213.617 and 214.914 nm.
Ammonia was measured with a Lachat Quikchem 8500 Series
2 Flow Injection Analysis System using Flow Injection Analysis
method (4500-NH3 H in APHA Standard Methods).”> TKN
was measured after sample digestion (same as TP) and was
analyzed with Block Digestion and Flow Injection Analysis
method using the same apparatus as Ammonia (4500-Norg D
in APHA Standard Methods).”* Measured values that were not
within 2 standard deviations (S.D.) from the average value of
the given period were considered outliers and excluded from
the analysis (<10% of measurements were excluded).

Total coliform, Escherichia coli, and free chlorine residual
measurements were managed independently from the present
study by the First Nation Health Authority (FNHA);
measurements were downloaded from the FNHA Compliance
365 Database. Total coliform and E. coli were measured usin.
IDEXX Colilert tests (9223B in APHA Standard Methods).”
Free chlorine residual was measured using a HACH DR300
Pocket Mid-Range Chlorine Colorimeter, calibrated, and
analyzed with the US EPA DPD Method 10245 (4500-Cl G
in APHA Standard Methods).”’ Reported free chlorine
measurements are for the furthest location in the water
distribution network for the Klehkoot Reserve.

2.3.2. Microbiome Analysis. Samples of the feed, reject, and
permeate were collected monthly for DNA extraction for an
18-month period during the latter half of Stage 2. The biofilm
of the Klehkoot PGDMF cannot be readily accessed without
sacrificing modules; for this reason, biofilm samples for DNA
extraction were only collected on one occasion from
membrane fibers of module UF3a when removed from
operation (Section 2.2). Biofilm samples were collected
randomly from selected hollow fibers at the top, middle, and
bottom sections of the membrane (Supporting Information,
Figure S1).

DNA extraction and 16S rRNA sequencing were performed
as outlined in Abkar et al.** Extracted DNA samples were
shipped to Microbiome Insights, Inc. for sequencing. The raw
sequencing data was demultiplexed with primers removed as
recommended by Langille Lab,” using QIIME2.2023.2
software. Raw data were evaluated for their sequencing quality
using FASTQC and MULTIQC. The Divisive Amplicon
Denoising Algorithm 2 software package was used to remove
errors and chimeras introduced during the sequencing. Low
frequency and rare operational taxonomic units (OTUs) were
filtered out based on <0.1% of the mean frequency of all of the
OTUs. The rarefaction curves were generated after running the
sequences through the multiple sequence alignment program
using fast Fourier transform, MAFFT (Supporting Informa-
tion, Figure S2). The taxonomy was assigned based on the
SILVA database (version 138 99% OTUs from S515F/806R
region of sequences).”® Microbiome diversity analysis was
conducted using “diversity core- metrics-phylogenetic” soft-
ware packages. The results were transferred to R Studio for
further analysis and visualization. # diversity was measured by

https://doi.org/10.1021/acsestwater.4c00553
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the weighted unique fraction (Uni-Frac) (Supporting
Information, Figure S2) and Bray—Curtis.

2.3.3. Hydraulic Parameters. Membrane integrity testing
was conducted on a weeklg to monthly basis and quantified
using pressure decay tests.”

Total permeate flow (Q) of all operating modules was
calculated by multiplying the water level change per minute in
the permeate water tank by the cross-sectional area of the
permeate water tank. The permeate flow for a module was
calculated as the difference between the average total permeate
flow, measured approximately 60 min before and after passive
hydraulic cleaning for that module, and the total permeate flow
during passive hydraulic cleaning for that module. Permeate
flux was calculated using eq 1, where J is the permeate flux (L
m~2h™') measured at a temperature T (°C), Q is the permeate
flow (m*® day™'), and A is the membrane surface area
generating the permeating flow (m?). The temperature-
corrected (i.e., to 20 °C) permeability (TCP) was calculated
using eq 2 (L m™ h™"/bar),”” T,y is 20 °C, and TMP is the
trans-membrane pressure (bar).

Q

=% (1)

TCP = (J, X {[1.784 — (0.0575 X T) + (0.0011 X T?)
— (107° x T2)]/[1.784 — (0.0575 X T)

+ (0.0011 X T,,*) — (107° X Tpy°)]})/TMP )

Note that no hydraulic data was recorded for approximately
50 days during the fall of 2022 due to a fault in the data logging
function of the SCADA system.

2.4. Data Interpretation. Summative parameters were
extracted from the time-series TCP data by fitting relevant
models using the Monte Carlo Algorithm of ProFit (version
7.1.8). x* analysis was used to assess the goodness of fit. For
the modeling results, the estimated parameters and the
associated standard errors are reported. For the water quality
monitoring results, the average values and standard deviations
are reported. All comparisons, statistical tests, data modeling,
and reporting were based on a 95% confidence interval.

2.5. Raw Water. The monitored characteristics of the raw
source water (i.e., the Sproat River) during the study period
are summarized in Table 2.

Note that some raw water characteristics, notably the
organic and nutrient content, have been reported to impact the

Table 2. Raw Water Characteristics

range [min,
parameter unit average + S.D. max]
turbidity NTU 033+ 011  [0.15, 0.82]
temperature °C deg 12.7 + 5.9 (3.9, 22.7]
total organic carbon mg L' 0.93 + 0.23 [0.67, 1.57]
dissolved organic carbon ~ mg L™ 0.80 + 0.22 [0.55, 1.46]
ultraviolet absorbance at cm™! 0.019 + 0.007  [0.008,

254 nm 0.034]
specific UVA Lmg ' m™ 2.46 + 0.57 [1.18, 4.01]
total suspended solid mg L™ 0.85 + 0.30 [0.30, 1.29]
total phosphorus mg L™ 0.39 + 0.12 [0.17, 0.63]
ammonia mg L™ 0.19 + 0.15 [0.04, 0.52]
total kjeldahl nitrogen mg L™ 3.68 + 2.11 [1.1,72]
total coliform MPN 25.7 + 25.8 [<1, >200]
E. coli MPN 305 + 338 [<1, 12.4]
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performance of lab-scale GDMF;" therefore, it is reasonable to
expect that the performance of PGDMF could also be
impacted by these, and potentially other, raw water character-
istics. Ongoing research, beyond the scope of the present study
is investigating the impact of different, and seasonally variable,
source water characteristics on the performance of PGDMF.

3. RESULTS AND DISCUSSION

3.1. Validation of Performance of the Klehkoot
PGDMF System. The overall performance of the Klehkoot
PGDMEF system was assessed based on the ability to meet
design production flow and regulatory water quality require-
ments.

The design production flow for the Klehkoot PGDMF was
10 m*/day, a requirement of the Hupacasath First Nation to
meet the current water demand for the Klehkoot Reserve. The
actual production flow for the different modules during this
study is illustrated in Figure 2. Regardless of the number of
membrane modules in operation (Section 2.2), seasonal
variations (Section 3.2), and operational set-points (Section
3.3), the design production flow was consistently met, with the
actual production flow ranging from 20 to 40 m*/day during
the study period (i.e., first 3 years of operation). Note that the
production flow in excess of demand is discharged to an
infiltration ditch. As discussed in Section 3.3, the Klehkoot
PGDMEF system is expected to meet the design production
flow for a number of years to come (predictions for the second
3 years of operation are presented in Figure 2).

The regulatory water quality requirements’”*® for the
Klehkoot PGDMF system are listed in Table 3. Also listed
in Table 3 is a summary of the treated water quality monitored
during the present study. Regulatory requirements for total
coliform, E. coli, turbidity, and membrane integrity were
consistently met. Residual-free chlorine concentrations were
on average lower than the target value; this is because the
initial residual chlorine concentration was set to 0.05 mg/L, at
the requests of FNHA and residents of the Klehkoot Reserve,
and was progressively increased during year 2 of the study to
be consistently greater than 0.2 mg/L.

3.2. Impact of Seasonal Variations. Although knowledge
of the production flow is essential to assess the ability to meet
demand flow, it provides limited insight into performance. This
is because production flow can be substantially impacted by
raw water viscosity (which is largely governed by temperature,
which changes seasonally), as well as operational set-points
(e.g, TMP, and the number of modules in operation)
depending on operational goals. For this reason, TCP
(temperature-corrected permeability), which normalizes the
production flow with respect to the impact of temperature on
viscosity, TMP, and membrane surface area, was used as a
more informative metric of performance. TCP for different
modules is presented in Figure 3.

The progression of TCP observed in the present study
differs from that reported in studies by others for GDMEF.
Typically, TCP is characterized by a rapid (within a few days
to a few weeks) decline to a relatively sustained but low value,
typically $10% of the initial value.">*”%*>**73! In contrast,
throughout the present study, TCP consistently remained 225,
235, and 245% of its initial value for UF4, UF3, and UF2, as
well as UF1, respectively. At the end of the study period, once
fluctuations had dampened (Section 3), TCP for all modules
was 245% of its initial value. These results demonstrate the

https://doi.org/10.1021/acsestwater.4c00553
ACS EST Water 2025, 5, 70—-80


https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00553/suppl_file/ew4c00553_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00553/suppl_file/ew4c00553_si_001.pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.4c00553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water

pubs.acs.org/estwater

45
® Measured
40
® Predicted
35
30 °
()
=
S [ §
PN
£ 2
2
o [ ]
w
o 15
©
£
g I R
[ J
5
0 °
< [e)} — o~ ~
Q NN Y < N
— wn o o~ (ol
o o - o o
< N on ) ©
o o o o [}
o o o o o
o~ o~ o~ o~ o

Figure 2. Measured and predicted production flow. The horizontal dotted line corresponds to minimum design production flow; data for 6
calendar years are presented: 3 years of measured flow and 3 years of predicted flow; predicted flow assumes all 4 membrane modules are online
and operating with a high TMP (0.32 mbar) and frequent hydraulic cleaning (every 12 h), the temperature-corrected permeability can be estimated
with eq 2, and the temperature variations observed during the 3 years of the study (Figure 3) repeat in the second 3 years.

Table 3. Regulated Water Quality Parameters

target measured range [min,
parameter unit value® value” max
total MPN-100 mL™" 0.0 <1¢
coliform”
E. coli MPN-100 mL™" 0.0 <1°
free chlorine  mg L™' >0.2 0.18 + 0.13 [0.01, 0.96]
residual
turbidity NTU <0.1 0.10 + 0.08 [0.03, 0.80]
membrane LRV >3 >5.57
integrity

“Based on the most stringent of Protocols for Centralized Drinking
Water Systems in First Nations Communities”> and Guidelines for
Canadian Drinking Water Quality.”® *Values correspond to average +
standard deviation. “Minimum detection limits, for the method used.
“Maximum detection limits, for the method used.

effectiveness of passive hydraulic cleaning in maintaining a
higher permeability.

During Stage 1, the three operating modules (UF1, UF2,
and UF3) that had similar operational set-points for TMP and
passive hydraulic cleaning frequency (Table 1) also had similar
TCPs. At the start of Stage 2, in which the operational set-
points were modified for UF1 and UF2, TCP continued to
decline at a rate similar to that in Stage 1, regardless of the
operational set-points. However, as Stage 2 progressed,
alternating periods of decreases and increases in TCP were
observed.

Raw water characteristics can change seasonally; and
therefore, could generate the observed seasonal variable trends
in TCP, as suggested by Lee et al.’> The DOC"*** and
phosphorus'®** concentrations of the raw water have been
reported to substantively impact the biofilm permeability in
GDMEF. However, the DOC and total phosphorus concen-
trations in the raw water remained relatively stable throughout
the present study (Table 2), with no consistent or significant
seasonal trends (results not presented). Therefore, it is unlikely
that changes in DOC and/or phosphorus concentrations of the
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raw water were predominantly responsible for the observed
seasonal trends in TCP.

Raw water temperature changes can also impact the biofilm
permeability in GDMF; however, inconsistent results have
been reported by others, with some studies indicating that
greater temperatures have a negative impact,34 no impact,3> or
a positive impact.36 Raw water temperature variation has also
been reported to impact the composition, activity, and
products of the microbial communities in wastewater treat-
ment systems,””*" affecting foulin§ in membrane bioreactors’”
and tertiary membrane systems.” Recurring seasonal varia-
tions in temperature were suggested to generate seasonal
variations in the composition of microbial communities.””*" In
the present study, the feedwater temperature varied sub-
stantively throughout the year, ranging from 4 °C in winter to
22.7 °C in summer (Figure 3). In general, periods of elevated
temperature coincided with periods of low TCP, while periods
of low temperature coincided with periods of high TCP,
indicating the negative impact of temperature. These results
suggest that seasonal temperature variations and their impact
on the biofilm microbial community could be responsible for
the observed periods of peaks and valleys in TCP, which
repeated in the first two years. These results align with other
studies which concluded that variations in temperature have a
greater impact on microbial communities than variations in
other raw water characteristics (e.g, DOC, phosphorus).*”*’

A microbiome analysis of the biofilm (i.e., sampled from
UF3a) in summer (i.e., August 2022), indicated that putative
filamentous, stalked, biofilm and extracellular polymeric
substance (EPS) forming bacteria were predominant (Support-
ing Information, Figures S3 and S4). These bacteria would be
expected to form a dense biofilm with a low TCP.*"*
Unfortunately, it was not possible to identify potential seasonal
changes in the biofilm microbial communities that could
impact TCP due to a lack of repeated biofilm microbiome
analyses during different seasons (see Section 2.3.2).

The microbial communities in the feed and reject were
originally considered as potential surrogates for those in the
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Figure 3. Temperature-corrected permeability varied by seasonal changes (mainly indicated by temperature changes). The solid vertical line
denotes transition between Stage 1 and Stage 2; the dotted vertical line denotes when UF3a was removed/replaced by UF3b; successive calendar

years are highlighted by alternating clear and shaded areas.
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Figure 4. Similarity of composition between feed, reject, permeate, and biofilm communities depicted by principal component analysis of Bray—
Curtis distance analysis. Results for feed, reject, and permeate are replicate measurements of ~monthly sampling events over an 18-month period;
results for biofilm are replicate measurements of a single sampling event; and the corresponding scree plot is presented in Supporting Information,

Figure SS.

biofilm. However, a f diversity analysis using Bray—Curtis
(Figure 4) and Weighted Uni-Frac (Supporting Information,
Figure S6) distance matrices indicated that the composition of
the microbial communities in the biofilm was distinct from
those in the feed and reject (Figure 4). This distinction was
confirmed by PERMANOVA analysis (P value = 0.002). The
distinct composition of the communities in the biofilm likely
resulted from the selective retention of bacteria from the feed
and adaptation of retained bacteria to environmental
factors.”~* Further research is required to assess if seasonal
changes in the biofilm microbial communities could be
responsible for the observed yearly trends in TCP. The
microbiome analysis of the feed (Supporting Information,
Table S1) did, however, indicate a greater richness of bacteria

76

(measured as OTUs) in summer than in winter, which could
also have contributed to the formation of a thicker biofilm with
a lower TCP in the summer than the winter.

The absence of repeating yearly peaks and valleys in TCP in
studies by others is likely because most of these studies were
conducted under controlled laboratory conditions with
constant temperature and/or feed waters. As a result, the
microbial communities in these previous studies likely did not
substantially change with time. In addition, most previous
published studies were conducted over relatively short periods
(i.e., $100 days), during which substantive seasonal changes in
raw water characteristics were not expected.

3.3. Impact of Operational Set-Points on the Temper-
ature-Corrected Permeability. The evolution in TCP over
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Figure S. Sinusoidal model fitted to the temperature-corrected permeability.

Table 4. Summary of Rates of Decline in the Amplitude and Magnitude of Temperature-Corrected Permeability

summative parameter

operation
module TMP [mbar]  cleaning frequency [h]  ky,, [L m~2 h™' bar™! day™!]
UF1 22 12 0.0014 + 0.003“
UF2 22 24
UF4 31 12
UF3a 31 24 0.00054 + 0.0006"

krep [L m™ h™' bar™! day™'] TCPg [L m 2 h™! bar™] 7
0.003 + 0.0003" 172 + 2.0° 3.49 x 10°
4.50 X 10°
0.0015 + 0.0002" 138 + 1.2° 1.63 x 10°
56 + 1.9° 1.39 x 10°

“+ Corresponds to the (maximum — minimum)/2 for the estimated parameters. "+ Vorresponds to the standard error of the estimated parameter.

time could be described by a sinusoidal relationship with
exponentially decreasing overall value and amplitude of the
sinusoidal relationship and a 1-year return period, as outlined
in eq 3. An exponential decrease in the overall TCP to an
expected sustained value is consistent with results from most
GDMF studies by others.">*7%%29731

TCD, = Amp(exp *')Sin(t') + (TCP, — TCR,)exp‘e*
®3)

where TCP, is TCP at time t (L m™ h™" bar™), t is time
(days), TCP; is the initial TCP (L m™>h™" bar™"), and TCPg is
the expected TCP that can be sustained over a relatively long
period (L m™ h™ bar™!), Amp is the amplitude of the
sinusoidal relationship (L m™ h™' bar™), krcp and ky,, are
the rates of decline (L m™> h™' bar™" day™") in TCP and Amp,
respectively, and ¢’ is time normalized such that the sinusoidal
relationship has a recurring period of one year.

To assess the impact of operational set-points, summative
parameters were estimated by fitting eq 3 to the time-series
TCP for all combinations of TMP and passive hydraulic
cleaning frequencies investigated (Figure S). Preliminary
summative parameters were estimated for each combination
separately, revealing relatively similar initial TCP (319 + 25 L
m~ h™ bar™") and amplitude of the sinusoidal relationship
(36 + 9 L m™> h™" bar™") for all combinations; the average
values for these were used to estimate the final summative
parameters. The rates of decline in the amplitude of the
sinusoidal relationship for UF1, UF2, and UF4 were observed
to be similar, while the rates of decline in TCP for UF1 and
UF2, as well as UF3 and UF4, were observed to be similar; the
averages of these were reported as the final estimated

+ TCR,
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summative parameters. A summary of the estimated summative
parameters for the operational set-points investigated is
presented in Table 4. Note that data for module UF3b were
not considered in the present time-series analysis because this
module was started much later than the others, and as a result,
the biofilm in this module could not be considered to be
comparable to that of the other modules. Data for UF3b is
illustrated in Figure 3.

As presented in Table 4, when operating at a lower TMP
(22 mbar), the frequency of passive hydraulic cleaning did not
substantively impact the rate of decline in either the amplitude
of the sinusoidal relationship or the overall TCP and did not
have a substantive impact on the expected TCP that can be
sustained over a relatively long period. However, when
operating at a higher TMP (31 mbar), with less frequent
passive hydraulic cleaning, the peaks and valleys in TCP were
not rapidly dampened, and the expected sustained TCP was
very low. Increasing the frequency of cleaning increased the
dampening of the peaks and valleys in TCP and the expected
sustained TCP. GDMF studies by others have also reported
that a more frequent cleaning, with mechanical systems,
lowered the decline in permeability.'”*® However, regardless
of the cleaning frequency, the expected TCP that can be
sustained over a relatively long period was lower at a higher
TMP.

The lower expected sustained TCP at a higher TMP is
consistent with results from GDMF studies by others, and
likely due to a greater mass transport of material to the
membranes at a higher TMP and/or a higher extent of biofilm
compression, leading to lower permeability.'”'®*® The results
from the present study also suggest that the frequency of
passive hydraulic cleaning could be reduced when operating at
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a lower TMP. Oka et al.” also reported that the frequency of
hydraulic cleaning could be decreased from 24 to 48 h without
impacting TCP when operating at a relatively low TMP.

A decrease in overall TCP was expected, however, as
discussed in Section 3.2, the extent of the decrease was much
lower than that reported in studies by others for GDMF
(without hydraulic cleaning),1’2’4’7’8’20’29732 demonstrating the
effectiveness of passive hydraulic cleaning in maintaining a
higher permeability. Seasonal periods of peaks and valleys in
TCP, although not expected, are not surprising given the likely
impact of seasonal temperature variations on the microbial
communities in the biofilm,*”*%*° and consequently on
TCP. 34363839

The seasonal peaks and valleys in TCP dampened in the
third year, likely due to the biofilm maturation over time,
resulting in mostly tightly attached bacteria that are protected
in the EPS layer, while loosely attached bacteria were sloughed
off after each passive hydraulic cleaning.

Although operation at a lower TMP decreases the rate of
decline in the overall magnitude of TCP, operation at a higher
TMP and higher passive hydraulic cleaning frequency
consistently generated the greatest permeate flux and, as a
result, contributed the most to the total permeate flow. For this
reason, all 4 membrane modules have been recently, at the end
of the first 3 years of operation, set to be operated with a
higher TMP (i.e., 31 mbar) and higher cleaning frequency (i.e.,
every 12 h). Continued monitoring is expected as part of an
ongoing project.

Considering that all modules will be operating with high
TMP and frequent passive hydraulic cleaning, and assuming
that the past seasonal temperature variations, as well as the
estimated parameters, will be representative of future
conditions, using eqgs 1, 2, and 3, it is possible to forecast
the production flow over the years to come (Figure 2). Note
that initially, changes in the production flow over time were
governed by both variations in TCP and in water temperature,
which influenced the viscosity and permeability of the water
being filtered; however, once the variations in TCP dampened
(i.e, by the end of year 3 of the present study), changes in the
production flow over time are forecasted to be mainly
governed by variations in water temperature.

Based on the forecasted permeate flow (Figure 2), the
Klehkoot PGDMEF is expected to meet the design production
flow for at least another 3 years. When the production flow
decreases such that it cannot meet the demand flow, the
membranes will have to be replaced or chemically cleaned.

4. CONCLUSIONS

The Klehkoot PGDMEF system demonstrated robust long-term
performance in meeting the design production flow and
regulatory water quality requirements. The system consistently
met the design production flow of 10 m*/day over the 3-year
monitoring period, with the actual production flow ranging
from 20 to 40 m?/day. Regulatory water quality parameters for
total coliform, E. coli, turbidity, and membrane integrity were
consistently met.

The performance of the PGDMF system was seasonally
variable, with a lower temperature-corrected permeability
(TCP) associated with higher water temperatures during
summer. Microbial community analysis of the feedwater
revealed the greater presence of filamentous, stalked, and
biofilm-forming bacteria in the summer, which likely
contributed to forming a dense biofilm structure that lowered
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the TCP. The biofilm microbial communities were distinct
from those present in the feed, permeate, and reject water,
indicating the impact of unique environmental factors in
shaping the biofilm.

Among the operational set-points considered, a higher TMP
(i.e., 31 mbar) and higher passive hydraulic cleaning frequency
(i.e., every 12 h) generated the greatest permeate flux. With
these optimized parameters, the results suggest that the design
production flow could be met for a total operating period of 6
years before membrane replacement or chemical cleaning is
required to recover the permeability.
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