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Abstract

3D printing offers the flexibility to achieve favmble spacer geometrical modification. The role
of 3D printed spacers for organic fouling mitigation direct contact membrane distillation
(DCMD) is evaluated. Compared to a commercial spdhe design of 3D printed triply periodic
minimal surfaces spacers (Gyroid and tCLP) - varyitament thickness and smaller hydraulic
diameter enhanced DCMD fluxes by 50-65%. The high€MD flux was obtained with the 3D
tCLP spacer due to its specific geometrical dedegture. However, its design characteristics
resulted in higher channel pressure drop compare2Dt Gyroid spacer. Moreover, 3D Gyroid
spacer exhibited superior fouling mitigation (lowerembrane organic mass deposition and
reversible membrane hydrophobicity with humic asadution), attributed to its tortuous design
that repelled foulants. 3D Gyroid spacer was eiffecin achieving high water recovery (85%)
while maintaining good quality distillate (10-185/cm, 99% ion rejection) in DCMD with
wastewater concentrate that contained high orgamipsed with inorganics. In MD, high organic
contents minimally affected MD fluxes but reducedmbrane hydrophobicity. Repeated DCMD
cycles showed that organic pre-treatment as wetlemning-in-place of membrane and spacer are
essential for achieving high recovery rate whilantazning a stable long-term DCMD operation

with wastewater concentrate.

Keywords: Organicfouling; membrane distillation; 3D printed spacergly periodic minimal

surfaces; wastewater.
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1. Introduction

Membrane distillation (MD) is a thermal integratetembrane process driven by a vapour
pressure gradient across a microporous and hydoipheembrane [1, 2]. As a phase separation
process, MD produces high quality permeate (das#)l with a good recovery due to its
insensitivity to osmotic pressure of a highly salsolution [3]. The energy requirement for MD
can be met by waste heat from the industry [3].s€h&ctors have led to a focus on the
application of MD as an alternative treatment psscior wastewater [4], seawater [5] and other
saline solutions from the industry [6].

Direct contact MD (DCMD) is the most frequently died MD configuration due to its simplicity
[3, 7]. In the DCMD configuration, the hot feed aoold distillate streams are in direct contact
with the membrane, thus, heat conduction and tesmtyoer polarization are significant factors
governing the energy efficiency. Several operaliapproaches have been explored to reduce the
impact of temperature polarization and increase dherall performance of DCMD, such as
improving the hydrodynamic conditions at the membraurface by increasing the circulation
flow rate or generating a suction (vacuum) on tistilhtion side [8, 9]. Another noteworthy
approach is to improve the design of the membrgraees. Previous studies have shown that
spacers act as static turbulence promoter to eeh#me efficiency of transmembrane mass

transfer, thereby, increasing permeate fluxes bipl§h% compared to an empty channel [10-14].

1.1 3D printed spacers for MD

The effectiveness of spacers is highly dependerfactors such as mesh design, thickness, flow
attack angle, and materials. The onset of 3D pigniias enabled the fabrication of novel spacers
with complex mesh designs, varying thickness antknads without manufacturing restraints. The
performance of 3D printed spacers have been prseljiavaluated in reverse osmosis (RO) and

ultrafiltration (UF) processes [15-19]. These s@isdieported considerable enhancement in mass
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transfer with 3D spacers compared to conventioged Spacers. Nevertheless, an invariable trade-
off with spacers is pressure drop [18], which iases the energy consumption of the process.
Even so, the significant enhancement in water regownay potentially offset the overall energy
consumption.

The application of 3D printed spacers for MD has$ been explored in detail thus far. Most
studies used computational fluid dynamics (CFD)utations to evaluate the effect of spacer
geometrical parameters such as orientation, filardemeter, and thickness to identify optimal
spacers for MD [10, 13, 14]. For instance, Changle{10] used CFD simulations to study
transmembrane DCMD transfer mechanism using empiy spacer-filed channels. The
simulations established the benefits of using sgaceDCMD for enhanced mass flux as well as
heat transfer and these enhancement factors dep@mdboth the spacer design as well as the
operating parameters such as the Reynolds numizamieh and Bataineh [20] used CFD
simulations to evaluate the performance of DCMDhwihick spacers with varied filament
orientation (angle) and reported a positive inceealsshear stress and the Nusselt number with
spacer filaments oriented at 45° angles to the thannel. Similarly, based on simulation results,
Seo et al. [12] recommended zigzag spacers withvstnc circular designs and relatively high
filament numbers as ideal to enhance permeate Tli@se simulation studies imply the suitability
of 3D spacers for MD application. In another studggedorn et al. [21] highlighted that spacer
characteristics such as porosity and spacer aachéiht thickness attributed to higher hydraulic
diameter, which contributed towards turbulence g@garReynolds) in DCMD. This factor is
especially relevant for 3D printed spacers, as ttaybe fabricated at varied filament and spacer
thickness. Thomas et al. [7] analyzed the perfoceaof MD with 3D printed spacers and
reported on enhanced permeate flux and overall theagfer coefficient by up to 60% compared

to commercial spacers. The performance enhanceweshiattributed to the significantly higher
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turbulence induced by the maze-like interpenetgatiesign characteristics of triply periodic
minimal surfaces (TPMS) used as the spacer topedogi

1.2 Potential of 3D printed spacers for fouling migation in MD

Apart from flux enhancement, spacer design camuémite fouling and channel pressure drop in
membrane processes. The presence of spacers esmHaweturbulence, which improves the
mixing of the solution close to the membrane swfagsth the bulk solution. This, in turn, is
expected to prevent foulant layer build-up on themrane surface [22, 23]. A number of RO
studies have established that spacer charactersich as larger mesh size with varying/irregular
filament thickness play a significant role in maining reasonable pressure drop, while creating
high shear stress at the membrane surface, whielsisntial to avoid polarization and fouling
issues [17, 24, 25]. These studies demonstratgegdtential for fouling reduction using spacers
with specific characteristics. 3D spacers can @ty meet such characteristics, given that the
technology has the flexibility to fabricate spacerth complex features.

Organic fouling development in MD was systematicalaluated by a number of studies [26-28].
The severity of fouling in MD process appears tosignificantly lower compared to pressure
based membrane processes such as RO [2]. Nevegh#fle long-term operation can still lead to
the accumulation of deposits on the membrane saidad pores, causing a decline of membrane
permeability and it is a challenge to reverse fdu#D membrane even with chemical cleaning
[1]. Further, the gradual membrane surface hydrbity reduction due to organic foulants
deposition increases its susceptibility to wettjig27]. This is especially relevant when MD is
used to treat wastewater that contains a signifiaarount of organics [4, 29]. For instance, Wu et
al. [29] reported significant membrane wetting wHi®@MD was used for fermented wastewater
with high organic concentrations. Naidu et al. fgmonstrated the potential of DCMD for
wastewater RO concentrate treatment. Neverthetllesg,also showed that the deposition of low

molecular weight organics onto the membrane, duéhéobreakdown of humics at elevated
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temperature, resulted in a considerable reductiorthe membrane hydrophobicity [4]. The

presence of spacers may potentially reduce fouli@gosition onto the MD membrane. While

Thomas et al. [7] indicated that 3D spacers sh@nifstant promise for treating brine solutions

with high scaling tendency, a detailed evaluatidrthe implication of 3D spacers on fouling

development in MD is still lacking. This study int#s to bridge this gap.

Hence, this study aims to evaluate the role of &Dt@d spacers (for simplicity referred to as 3D
spacers hereatfter) in improving the overall perfamoe and fouling development in DCMD used
for the treatment of wastewater RO concentrate. ilfleence of 3D spacer-filled channels for

enhancing DCMD permeate flux, energy efficiencywasl as the implication on pressure drop,
were evaluated. Specifically, in-depth analysi®fanic fouling tendency in the presence of 3D
spacers in DCMD used to treat wastewater up to tegbvery rates (80-85% water recovery) was
carried out. Factors such as accumulation of faslamto the spacers and fouling reversibility

with cleaning were also evaluated in detail.

2. Methodology

2.1 Materials

2.1.1 Membrane, chemicals, and feed solutions

A commercial polytetrafluoroethylene (PTFE) hydroplt flatsheet membrane (General Electric,
US) with nominal pore size, porosity, and membridmekness of 0.22 um, 70-80% and 179 um,
respectively [4] and total effective area of 40°amas used for all DCMD experiments.

DI water was used as a feed solution in the basdksts. Baseline tests were conducted to
evaluate the performance of DCMD with empty andcspdilled channels at varied feed
temperatures and flow velocities. The influencespécers on organic fouling development in
DCMD was tested using model humic solution as aelhactual wastewater RO concentrate. The

latter was obtained from a water reclamation plainBydney Olympic Park Authorities. Key
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characteristics of this wastewater RO concentrage sammarized infable 1 Model humic
solution at a concentration of 20.3+0.7 mg/L wasdut represent only the organic contents of
the actual wastewater RO concentraiable 1) without any inorganic salts. Actual wastewater
RO concentrate was used in this study to represastewater with both organic contents as well
as inorganic salts.

Humic acid (Sigma-Aldrich, USA) and citric acid ¢&a-Aldrich, reagent grade) were used to
prepare the simulant feed solution and chemicalnitey solution, respectively. The model humic
acid solution was prepared by mixing 500 mg/L huatdd powder in deionized (DI) water with
continuous stirring for 24 h. The pH of the finalgion was not adjusted to ensure that the
natural organic characteristics are unaltered. Atmaic acid stock solution was filtered (0.4
Millipore filter) to remove suspended solids andrdafter stored at 4 °C.

Furthermore, to critically determine the impact axfjanic contents in a mixed constituent, a
condition of reduced organics with actual wastewR® concentrate was used in this study. To
achieve this condition, granular activated carbt@AC) (from James Cumming & Sons Pty Ltd,
MDW4050CB, particle size range 430 - 6Qfh) was mixed (120 rpm) at 5.0+0.2 g/L with
wastewater RO concentrate (24 h) to adsorb then@mrgantents, following the approach of our
previous work [4] . Upon batch adsorption, the wastter RO concentrate was filtered (0,46
millipore filter) to exclude suspended solids. Thatch absorption using GAC significantly
reduced the organic contents in actual wastewa@rcBncentrate to less than 2 mg/L while

maintaining the inorganic salt contents.

Table 1 Characteristics of wastewater RO concentrate étairom Sydney Olympic Park water

reclamation plant [4].

Parameter Value
Total dissolved solids (TDS) 1500.3+1.4 mg/L
Turbidity 0.2+0.1 NTU
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Parameter Value

pH 8.0+0.3
Dissolved organic carbon 20.3+£0.7 mg/L
Ca 97.0+£2.3 mg/L
Mg 69.0£1.6 mg/L
Na 448.5+3.2 mg/L
K 66.9+4.1 mg/L
SO, 184.4+5.7 mg/L
Cl 611.4+3.3 mg/L
Hardness as CaGO 429.7+6.1 mg/L

2.1.2 Spacers

In this study, one commercial spacer and two tygfe8D spacers were used. The commercial
spacer (FILMTEC™) was diamond shaped (45° filansargle) with a porosity and thickness of
0.85 and 0.79 mm respectively, and made of polygdeme. The 3D spacers were designed based
on TPMS resulting in a sheet-based transverse €tokayer of Parallel (tCLP) spacer and a
skeletal-based Gyroid spacer. More details abodiS Bhapes and their governing mathematical
equations can be found elsewhere [7, 18]. The dssigere modeled using computer-aided design
software and then 3D printed by selective laseesimy technique. The unit cell representation of
the selected TPMS spacer designs is presentedyinlFirhe 3D tCLP spacer design consists of
protrusions that create microchannels aligned pelipalar to the feed flow direction. This design
feature was considered to create maximum flow gigwsan and resultantly increased turbulence.
The specifications of the 3D spacers and their enagre presented ifable 2 and Fig. 2,
respectively. The adaptation of TPMS is especibiyeficial in minimizing the contact area
between the membrane and spacer, which is essémtaloid flow restrictions and flow dead

zones formation [16].

Table 2 Characteristics of 3D printed spacers.

Structure Surface Area  Volume Voidage Hydraulic




design (mnT) (mn) (%) Diameter (mm)

tCLP 14786 1067 88 1.2
Gyroid 10709 1471 84 1.4

180



Schwarz Transverse CLP

(tCLP)
Feed flow direction
transverse to
microchannels
LY
Schoen Gyroid 90'0000050::
(Gyroid) ‘)‘.0’.—'9'0)”0)0

O RN TN

9}}}’0

(a) (b)
181

182  Fig. 13D printed TPMS spacer design features presesté) eepresentative volume element,
183  and(b) photographic images (profile view)

184

(b)

Commercial 3D tCLP 3D Gyroid

185  Fig. 2 Commercial spacer and 3D printed spacers (tCLRGymdid) (a) photographic images

186  (image scale bar = 0.5 crf)) SEM image (top viewic) SEM image (cross section).
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2.2 Direct Contact Membrane Distillation (DCMD)

The spacer performance was evaluated in a closgubdbbench scale DCMD system containing
an acrylic membrane modul&ig. 3). The module length and width were 8.10 cm x =@
respectively, with a channel depth of 0.23 cm.

Gear pumps (Cole-Parmer, model 75211-15, UniteteStavere used to direct both the permeate
(deionized (DI) water) and feed solution into thembrane channel in countercurrent flow at
velocity (4 and y) ranges of 0.1-0.3 m/s. Pressure variation atfe¢lee inlet and outlet were
recorded using pressure gauges placed at therégtcand outlet channel. A jacketed feed vessel
coupled with a heating system was used to varydabe solution temperature fffirom 45.0+2.0

°C to 65.0+2.0 °C while the permeate solution tawatpee () was maintained at 22.0+2.0 °C for
all experiments. Temperature at the inlet and oofiehe feed and permeate flow channels close
to the membrane module was recorded using tempersgémsors. The average feed and permeate
membrane surface temperature profiles were obtaimexigh these values. Heat losses on the
feed side were determined based on the feed ialedutlet temperature difference and as a
function of the feed flow rate and constants (dpetieat capacity = 4.2 kJ/kg.K; water density
=1000 kg/n).

The permeate flux obtained across the active memebeaea and latent heat of vaporization
(2345.5 KJ/kg) were used to determine the lateat transferred. The system energy efficiency
was calculated based on the latent heat transfekredthe heat losses at the feed side (detailed in
Section S).

DCMD experiments were carried out until 85% wattavery, equivalent to a reduction of the
initial feed volume from 1.7 L to approximately 8.2 or up to the point of significant permeate
flux decline. An electronic balance was used farording the weight changes in the permeate
tank throughout the operation duration. The permdiaix computed as the ratio of permeate

volume (L) increment over operation duration (h)l amit membrane area finwvas reported as L

11
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m 2 h™* (LMH). The permeate flux was represented as atiomof the water recovery rate as well
as volume concentration factor (VCF). The VCF (dedi as the ratio of initial to final feed
solution volume) indicates the extent of feed sotuvvolume reduction achieved by DCMD.

DCMD with empty and spacer-filled channels wereriedrout with a number of feed solutions
from DI water for baseline evaluations followed impdel humic solution as well as wastewater
RO concentrate for detailed analysis on the infbeeof spacers on fouling phenomena. The same
spacer design was used in both the feed and perrokatnels for each DCMD experiment with

the spacer-filled channels.

Temperature
Sensor

Flowmeter @ @ Spacers I @
Cooling unit @ ﬁ_j Q
| ©® OO

Pressure Gear Pump

,Q gauge @

MD Cell with

Gear Pump
o
=
Heating unit @
Permeate
Tank -

Fig. 3DCMD experimental setup.

The overall salt removal efficiency of DCMD was @ehined by measuring the conductivity and
pH value of the feed and permeate solution befack ater DCMD operation, using a portable
multimeter (HQ40d, HACH, US). Inductively coupledagma-mass spectrometry (ICP-MS,
Agilent 7900, US) was used to measure the condemiraf each individual cation in the

wastewater RO concentrate. For organic removatieffcy, the initial and final permeate and feed

12
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solutions (humic acid concentrations and wastewRi®r concentrate) upon DCMD operation

were analyzed by a total organic carbon (TOC) amalyAnalytik Jena multi N/C® 3100).

2.3 Fouling reversibility with membrane cleaning

2.3.1 Batch membrane cleaning

The effectiveness of cleaning the membrane as prmoagh to reverse membrane fouling was
evaluated using DI water as well as a chemicalt®wmiu0.1% citric acid). For this reason, small
portions of the used membranes were places inrfdldoes with 20 ml of cleaning solution. The
falcon tubes were stirred in a flat shaker at 26 for 24 hours. Upon air drying, the membrane

contact angle was analyzed.

2.3.2 Cleaning-in-place

Cleaning-in-place (cleaning the membrane and spabde in the module) was carried out to

emulate membrane maintenance and fouling mitigatioan actual operational scenario, upon
wastewater RO concentrate treatment. Cleaningaoeplwas carried out with water cleaning
(flushing 300 mL of DI water through membrane medusing the same operating flow velocity,

0.13 m/s) as well and chemical cleaning (0.1%ccagid with water flushing). Acid cleaning was

carried out by recirculating acid (20 mins at a libow velocity of 0.08 m/s to achieve sufficient

contact time with the membrane) followed by watesling (to neutralize the acid residues) (200
ml at 0.13 m/s). Cleaning-in-place is pertinent gstablish the reuse capacity of both the

membrane as well as the 3D spacer.

2.4 Characterization techniques

13
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2.4.1 Organic Characterization

Organic characterization of the feed and permealigtisn, as well as membrane foulant, was
established using liquid chromatography with orgararbon detection (LC-OCD) [4, 30]. To
evaluate the organic characteristics depositecherused MD membrane, foulant residues were
extracted from the membrane into MQ water basetherprocedure of our previous studies [4,

27].

2.4.2 Membrane characterization

Changes in membrane characteristics before andtafeDCMD experiments were evaluated in
terms of surface hydrophobicity and morphology. Ndemme surface hydrophobicity was
measured using contact angle. Contact angle memasaotewas carried out at the end of each
experiment (upon drying the used membrane) togeth#r a virgin membrane as a control
measure for the instrument setting. The contackeamgasurements were conducted using a water
droplet goniometer (Theta Lite). Further, the stefanorphology and element contents of the
membranes (virgin and used upon DCMD experimentevexamined using scanning electron
microscope (SEM) integrated with energy-disperssgectroscopy (EDS) as described in a

previous study [4].

3. Results and discussion

3.1. Baseline study

The DCMD performance with and without spacer-fildthnnels was evaluated. For the baseline
study, DI water was used as the feed and permehteos. The average DCMD permeate fluxes

obtained with varying operating conditions are preed inTable S1

3.1.1 Permeate flux performance

14
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In an empty channel (i.e., no spacer conditiorgsdaasing the bulk feed temperature from 45 to 65
°C (at a fixed flow velocity of 0.08 m/s) enhandb@ permeate flux by 200% from 7.68+0.92
LMH to 24.26+1.45 LMH Fig. 48). In this study, temperature losses at the menebfeed side
were evaluated by measuring the temperature difterat the channel inlet and outlge€tion 3.
With the increase of bulk feed temperature, a higeed temperature loss was observed due to the
large quantity of heat required for vaporizing ldjat the feed side of the membrane surface [9].
As a result of the temperature loss, only mininradrgy efficiency increment was achieved with
the increase of permeate fluxig. 4a).

Meanwhile, at similar operating condition (feed parature of 55 °C and flow velocity of 0.08
m/s), the permeate flux increased significantly G826 (20.78+1.24 LMH) with commercial
spacer-filled channel, and by more than 200% (3L&6 LMH to 36.06+1.09 LMH) with 3D
printed spacers as compared to that with empty rela(l2.67+1.87 LMH) Fig. 4b). More
importantly, the scenario of increasing the feeohpgerature to achieve higher permeate flux
invariably resulted in higher feed temperature dsssvhich compromised the energy efficiency.
The approach of spacer-filled channels was espgtalorable in achieving both higher permeate
fluxes and energy efficiency.

Upon comparing the performance of DCMD with difiergpacers, the 3D spacer-filled channels
achieved 30-70% higher permeate fluxes comparetbtomercial spacer-filled channels under
similar operating conditiond={g. 58). This could be attributed to the smaller hydrauliameter

of the 3D spacersTé@ble 2) and the channels/protrusions aligned perpendi¢aléhe feed flow
such as in 3D tCLP spacer. A smaller hydraulic éganincreases the flow velocity and Reynolds
number. This, in turn, increases turbulence, ragylin higher mass transfer. Amongst the 3D

spacers, tCLP achieved 15-24% higher permeatedloampared to that with the Gyroid spacer.
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Fig. 4 Baseline performance of DCMD witla) empty channel at;Tof 45.0+2.0 to 65.0£2.0 °C

(b) empty and spacer-filled channels abT 55.0+2.0 °C (¥ v, = 0.08 m/s; | = 22.0+1.5 °C).

60 0.30
i No spacer (a) i No spacer (b)
----- Commercial - =-=--- Commercial
50 - |— — 3D Gyroid 0.25 - |— — 3D Gyroid
3D tCLP 7 3D tCLP

Permeate flux (LMH)
8
l
Ap/L (bar/m)

0.00 T T T T T T

300 400 500 600 700
Reynold's Number

300 400 500 600 700
Reynold's Number

Fig. 5 Performance of empty and spacer-filled channelaaying flow velocities based ofa)

permeate fluxb) channel pressure drop (figure trend line derivennf experimental data from

Table SJ).
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3.1.2 Channel pressure drop

Pressure drop is an inevitable trade-off assocmttddspacer application. The results of this study
showed a trend of channel pressure drop incremetiitei ranges of 0.02—-0.07 bar/m up to 0.13-
0.25 bar/m as the flow velocity was increased @sented by Reynolds number) for both empty
and spacer filled channelBi¢. 5b). The same trend of increasing pressure drop flaith velocity

and Reynolds number was reported in previous MDisesu[20, 21]. For instance, a previous MD
study [21] showed that pressure drop in spacerklaamge from as low as 0.008 bar/m to over
1.0 bar/m depending on the flow velocity as welspacer characteristics. A 48-200% increment
in channel pressure drop was observed with spdtt-Ehannels compared to an empty channel.
Higher drag force in the presence of spacers iscaged with the higher channel pressure drop
[12, 20, 21]. This apart, spacer characteristichsas spacer hydraulic diameter also influences
the degree of channel pressure drop. Hagedorn [@1ld demonstrated the inverse correlation of
channel pressure drop and spacer hydraulic diametarhich, reduced flow velocity associated
with higher hydraulic diameter of the spacer re=ilin lower channel pressure drop. Likewise, in
this study, the channel pressure drop with Gyrgdcsr (hydraulic diameter of 1.6 mm) was
lower compared to the tCLP spacer (hydraulic dimmet 1.4 mm). In addition to the hydraulic
diameter, another spacer characteristic that inflas the feed channel pressure drop is the flow
attack angle [31]. The flow attack angle of thecgpas the angle formed between the spacer
strands and the fluid flow direction. In the tCLBs@yn, the microchannels of the spacer are
aligned perpendicular to the flow direction cregtmaximum disruption to the approaching fluid.
However, with increasing flow attack angle, thesstege drop also increases. This explains the
higher permeate flux and pressure drop observell thie¢ tCLP spacer. Thus, based on the
combined effects of flux enhancement and chanressure drop, the Gyroid spacer demonstrated

an overall improved performance over the commespacer.
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3.2 Influence of spacer design on organic foulingitigation

The baseline results established that the incotiporaof spacers in DCMD enabled an
improvement in permeate flux by maintaining low perature polarization. The results also
highlighted that at increased flow velocity, a reglpermeate flux was achieved. However, at
increased flow velocity, a trade-off of channel ga@e drop is inevitable, especially in the
presence of spacers. Based on all these factoBCMD operational setting of 55 °C feed
temperature and 0.13 m/s flow velocity was decideon for the subsequent tests to evaluate the

influence of spacers on organic fouling development

3.2.1 Process performance

DCMD tests were conducted for empty and spaceadfiihannels using organic (humic acid) feed
solution. Permeate flux results were comparednmgeof the normalized flux (3)J The obtained
initial permeate fluxes () of 20.2+2.3 LMH (empty channel), 27.1+1.7 LMH (omercial
spacer-filled channel), 37.5+1.3 LMH (3D Gyroid spgfilled channel) and 44.2+2.4 LMH (3D
tCLP spacer-filled channel) were in line with thesbline permeate flux results discussed earlier.
For both empty and spacer-filled channels, the fla¥ormance was relatively consistent over the
majority of the experiment duration followed by aanmginal decline towards the end of the
experiment(Fig. 6). A similar pattern of marginal decline in permeéltexes was reported in
previous studies [26, 28]. In MD, organic foulaminds to predominantly deposit onto the
membrane surface and minimally on the membranespdrtes to the vapor pressure driving force
rather than applied pressure. As a result, onlygmal flux decline was observedrig. 6b
highlights the improved performance duration achtewith the incorporation of 3D spacers.
Owing to the enhanced flux performance, both the sRiacers were are able to achieve the
targeted 85% water recovery within a shorter darabf MD operation i.e. 50 to 80% of the

operational duration needed with that of the conmmérspacer. Additionally, the final flux
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decline with the 3D Gyroid spacer (12%) was slightlwer to that obtained with the commercial
spacer (17%) and empty channel (16%).

These results suggest that 3D spacer-filled chanmedre able to improve MD process
performance. Further, in order to ascertain thii@émice of spacers on organic deposition onto the
MD membrane, evaluations were carried out to sthéyorganic mass deposition, characteristic
of the organic compounds (LC-OCD analysis) anddiedition of the used membranes such as

the hydrophobicity and foulant deposition pattern.
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Fig. 6 Normalized DCMD permeate flux as a function(af water recovery an¢b) experiment
duration for both empty and spacer-filled chann€ksnditions: Feed: model humic feed solution,

T¢=55.0+2.0 °C, J= 22.0+2.0 °C, y=v,= 0.13 m/s).

3.2.2 Impact on foulant composition and adhesion
For all experimental conditions, a high-quality ipeate was obtained throughout experiment
duration. The conductivity (10-1pS/cm) and organic contents (0.05- 0.10 mg/L) in fihal

permeate solutions were at trace levels and remdmeer than that of the initial permeate
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solutions, corresponding to 98-99% rejection ofamigs. The results indicated that the organics of
the feed solution did not penetrate into the memdraores, as also supported by the marginal

permeate flux decline patterhig. 6).

Table 3 Feed solution organic mass balance for empty pades-filled channel DCMD operated

with model humic acid solution (initial feed soluti volume -1.70 L; final feed solution volume -

0.25 L).
DCMD operating Spacer Feed solution organic Feed solution organic Organic mass
condition type concentration (mg/L) mass (mg) reduction (%)
Initial Final Initial Final
Empty channel None 19.50+0.75 87.27+0.62 33.15+0.422.08+0.51 334
Spacer-filled Commercial 19.50£0.75 102.96+0.71 33.15+0.45 26005 214
channel 3D Gyroid 19.50+0.75 127.6340.60 33.15+0.45  32.2830 2.6
3D tCLP 19.50+0.75 120.75+0.57 33.15+0.45  30.55%0.4 7.8

The dissolved organic content of the initial antafifeed solution showed that the total organic
mass contentélable 3) of the final feed solution with the empty channetl@ommercial spacer-
filled channels were 33% and 21% lower, respedtjviblan the expected value corresponding to a
seven-fold volume concentration (85% water recov®i@F 6.7) of the organic contents in the
initial feed solutionOn the contrary, the organic mass contdrthe final feed solutions with the
3D spacer-filled channels was closely similar te #xpected value for seven-fold volume
concentration (85% water recovery, VCF 6.7) of dihganic contents in the initial feed solution.
As only trace level of organics was detected in ppleemeate solutions, the reduced final feed
organic contents could presumably be attributedrg@nics deposition onto the feed channel and
adhesion onto the membrane as organic foulantssi@enng that the same operating conditions
were applied for all the experiments, the orgameposition onto the feed channel would be
closely similar between empty and spacer-filledncigds. However, based on the relatively lower
organic mass reduction of the feed solutions withspacer-filled channels (3-8%), it would be
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reasonable to infer that organic losses by deposidn the feed channel was minimal. Hence, the
significant organic mass losses within the emptgneiel and commercial spacer-filled channels
(21-33%) could most likely be attributed to orgaimglant adhesion onto the membrane surface.
Analysis of the organic characteristics of theiaifeed solution affirmed that it predominantly
consisted of humicsH{g. 7). Meanwhile, the final feed solutions of the emptyd spacer-filled
channels displayed some variation in organic chearistics. The final feed solution with empty
channel showed a pattern of low humic peak withilzstantially higher peak of building blocks.
On the other hand, the organic characteristich®final feed solution with spacer-filled channels
maintained the same pattern as the initial feedtieol, containing major peaks of humics with

minor portions of low molecular weight (LMW) orgasi
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S 250 — {:‘ E ; No spacer (Final feed soln.)
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Fig. 7 LC-OCD chromatogram of initial and final humic fegdlution for empty and spacer-filled
channels BP- Biopolymers, HS- Humic substances, BB- Buildilogks, LMW —Low molecular

weight organick

Overall, the organic analyses of the feed solutiodgcated that the presence of spacers in MD

plays a significant role in organic fouling depasit pattern. Specifically, 3D spacers showed
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significantly lower organic mass losses compared¢dmmercial spacers. Overall, the organic
analyses of the feed solutions strongly indicatieat the presence of spacers in MD play a
significant role in organic fouling deposition mati. The 3D spacers, in particular, showed
significantly lower organic mass losses comparecotomercial spacers. This observation was in
line with recent studies that analysed membranénigulevelopment with spacer filled channels
[32-34]. For instance, Wu et al. [34] explored ttmde of 3D spacers in membrane fouling
mitigating and highlighted that the design and m@&éon of 3D spacers resulted in lower fouling
by 25% compared to 2D spacers. Likewise, a sinafaWD study observed that membrane
fouling occur on small isolated regions with spaidérd channels compared to empty channel
attributed to uniform resident time and inductidntlee feed solution with the incorporation of
spacers [32]. Further, the feed solution organiara&tteristics results with LC-OCD imply that
spacers play a role in reducing the breakdown ahibsi to low molecular weight. To further
substantiate this observation and to understanddirelations between different spacer types and
organic fouling development in MD, organic charastes of the foulant deposited onto the

membrane were analyzed.

Foulant deposition on the surface of the used mangbwas visibly different with empty and
spacer-filled channeld-{g. 8a). The used membrane in the empty channel, shovgmifisant
brown deposition while less deposition was obsermespacer-filled channels, especially with 3D
spacers. The SEM imagdsd. 8b) showed the presence of large colloid-like degamit the used
membrane with the empty channel. Comparativelyy agrhall and scattered deposits were

observed on the used membrane with spacer-filladro$is.
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Fig. 8 Membrane surface morphology showifg foulant deposition on the used membrafi®s
high magnified SEM images of the used membrane UpGMD operation with empty and

spacer-filled channels using model humic acid smh{SEM image scale bar = 1Qfn).

The hydrophobicity of the virgin and used membrandaces were measured using water contact
angle. The used membrane with empty channels shawedlowest water contact angle
(70.2+1.3°), with a 50% hydrophobicity reductiomguared to the virgin membrane (139.5+1.7°).
Meanwhile, the used membranes with both commeenal 3D tCLP spacers showed similar
hydrophobicity reduction in the range of 33-36%. @& other hand, the used membrane with 3D
Gyroid spacer-filled channel retained the higheshtact angle (only 13% hydrophobicity
reduction) compared to the other used membranésitahydrophobicity was restored closely to
the original condition with membrane cleaning (batcembrane cleaning). These results suggest
that the low foulant deposition with 3D Gyroid spedilled channels enabled the membrane
hydrophobicity to be restored closely to its orajinondition, even as the organic concentration in

the feed solution was increased by more than 10Q.mg
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Table 4 Water contact angle of MD membrane (virgin, used BI water cleaned) for empty and

spacer-filled channel DCMD operation with model heinacid solution (Contact angle of

new/virgin membrane =139.5+1.7°)

Membrane water contact angle (°)

DCMD operating Spacer i,
N Used membrane Cleaned membrane
condition type
(upon 85% water recovery) (DI water)
Empty channel None 70.2+1.3 115.4+0.8
Commercial 87.5%1.5 129.7+1.7
Spacer-filled channel 3D Gyroid 119.3+1.0 132.2+2.0
3D tCLP 91.4+1.7 123.3+1.1

* Batch membrane cleaning (method as reported tti@®2.3.1)
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Fig. 9 LC-OCD chromatogram representing membrane foulantposition upon operation in

empty and spacer-filled channeBR- Biopolymers, HS- Humic substances, BB- Buildilogks,

LMW —Low molecular weight organics

LC-OCD chromatograms of the membrane foulant (extdhfrom the membrane at the end of the

experiment) are presented kig. 9. The results showed that the foulant depositedhenused

membranes predominantly consisted of LMW organitss was in line with the observation from
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464  our previous studies that established the tendehéymics to break down to LMW organics in
465 MD operation and thereafter, for LWM organics t@aogt onto the hydrophobic membrane [4,
466  27]. This was attributed to the thermal conditianMD as well as the hydrophilic-hydrophobic
467  attraction tendency between the foulant and thedpjtbbic membrane. Given that the thermal
468  condition was the same for all these four experisianis likely that the presence of the spacers
469 may have acted as a barrier that reduced the hytimpydrophobic attraction between the MD
470 membrane and the foulant. Therefore, the breakdwvinumics was reduced in the scenarios with
471  spacer-filled channels. Due to the barrier credtgdspacers, the tendency of humics breaking
472 down to LMW organics in the feed solution was reztijcas observed with the feed solution
473  organics characteristics analysiBig. 7). Hence, less LMW organics are deposited onto the
474  membrane with spacer-filled channels. This tendevay especially apparent with 3D spacers and
475  this could be due to their higher surface area@ameecompared to commercial spacdiable 2).

476  The deposition of LMW organics onto the membrangssociated with membrane hydrophobicity
477  reduction. In line with this, the substantially hig-MW organics deposition on the used
478  membrane with the empty channel resulted in siggifily higher contact angle reductiorable

479  4). The lower deposition of LMW organics on the nieame with spacer-filled channels could be
480 due to the spacers acting as a barrier betweeménaorane and the concentrated feed solution.
481

482  3.2.3 Effect on fouling deposition patterns

483  Overall, the results indicated that the applicatadnspacers (both commercial as well as 3D
484  spacers) in MD resulted in lower fouling depositammpared to the empty channel. This could be
485 related to the higher turbulence created by spatggber turbulence disrupts the boundary layer
486  close to the membrane (polarization effect) andaanés shear stress as established by a number
487 of CFD modeling studies [12, 20, 32]. Higher shstiess is directly associated with reduced

488  fouling deposition onto the membrane [18, 35].
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Meanwhile, compared to the commercial spacer-fitdédnnel, both the 3D spacers showed
reduced fouling intensity, based on the lower fouldeposition on the membrangaple 3 and

Fig. 8) as well as the lower reduction in membrane hydobycity (Table 4). This could be
attributed to two factors, enhanced turbulence, r@ddiced dead zones. Firstly, compared to the
commercial spacer, 3D spacers resulted in highbukence at the same feed velocity as reflected
by the higher permeate fluxes achievew(5d). The higher turbulence in 3D spacers is attrithute
to the non-uniform/varying filament thickness amda#ler hydraulic diameter characteristics of
the 3D spacers. In a simulation study, TaamenhBataineh [20] showed that significantly higher
average shear stress was achieved by varying phartd bottom filament angle and when the
angle of the spacers was closer to 90°. Hagedoah ¢21] indicated that spacers with irregular
filament surface and varying filament thicknesstabnted to better heat transfer efficiency and
flow mixing. The higher turbulence and mixing wimhanced shear stress on the membrane
surface with 3D spacers can be associated withother fouling deposition. Secondly, the factor
of dead zone (restricted flow area) could likelyheute to higher fouling deposition onto the
commercial spacer compared to the 3D spacers. Read occurs when a spacer is in direct
contact with the membrane which restricts flow eélp and accumulates deposits close to the
membrane [14, 18]. Compared to a commercial sp&ferspacers are designed with TPMS
topographies to generate surfaces (mean curvafumero) with minimal contact area to the
membrane [18]. The lower contact area to the mengbvath 3D spacers reduces dead zone and
results in lower fouling intensity compared to coernial spacers. Sreedhar et al. [18] observed
higher biofouling development on RO membrane incaafed with commercial spacers than 3D
spacers and this was attributed to the tendendyiaibulants to adhere especially around the
contact area (dead zone) between the commercie¢ispad the membrane.

In comparing the fouling performance with 3D spafdéed channels, lower membrane fouling

intensity was observed with Gyroid spacer over tGpRcer on the basis of lower foulant mass
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deposition on the membran&aple 3) as well as restored membrane hydrophobicigbie 4).
The variation in fouling deposition pattern betwégyroid and tCLP spacer could be explained in
terms of their different design characteristicswkeo surface area/volumddble 2) value of
Gyroid (7.1 mnT) compared to tCLP (13.9 mtpindicates that for a given channel volume the
Gyroid spacer offers a lower surface area for foutdhesion and entrapment. This translates to
reduced dead zone and accumulation of foulants thietanembrane with Gyroid spacer. Spacer
voidage (porosity) is also an important charadierishat influences spacer performance.
However, in this case, the voidage for both thespBcers (Gyroid - 84%, tCLP - 88%) are closely
similar. On the other hand, in closely examinihg tlesign of both spacers, the skeletal-based
structure of the Gyroid spacer resembles a zigzdmgccshape with an infinite smooth surface.
This condition most likely creates a wave-like flovechanism that does not potentially retain the
foulant. Comparatively, tCLP is a tetragonal sHager which resembles a ‘pocket’ like shape. In
the case of tCLP, the channels or protrusions etignmerpendicular to the feed flow direction
creates high turbulence, which results in signiftgahigher permeate flux compared to Gyroid
(Fig. 58). However, it is highly likely that the combinatiof this turbulence in the presence of the
pocket like shape promotes higher affinity for dgpon of foulant onto the membrane as
depicted inFig. 10 Likewise, a recent study evaluating the perforoeaof vibrating 3D spacers,
reported on the superior membrane fouling mitigaty wave-like spacer compared to hill-like
spacer (a similar resemblance to the tCLP pocket shape) [33]. In that study, Tan et al [33]
highlighted that although hill-like spacer does deastrate higher local velocity, the protrusions of
wave like spacers creates large fluid movementchvl@nhances the overall shear along the

membrane, resulting in higher fouling mitigation.
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Fig. 10 Depiction of fouling deposition mechanism in DCNiith 3D spacer-filled channel.

In summary, although tCLP spacer-filled channelbégmto achieve enhanced permeate fluxes
compared to the other spacers, the organic fowirsguation highlights that the superior fouling
mitigation capacity is with 3D Gyroid spacer. Moveo, the lower channel pressure drop of 3D

Gyroid spacer is an added advantage over the tpaées.

3.3  Practical spacer application for wastewater gatment in MD

Based on the above factors, conditions that emweteal treatment and fouling pattern (high
organic contents in the presence of inorganic )sadtsnecessary to further substantiate and
establish the role and practical application of Giroid spacer-filled channel towards fouling
mitigation in MD. For this reason, evaluations weegried out with wastewater RO concentrate
that contains high organics (similar to the modelanic solutions) in a mixed composition with
carbonate based inorganic salts (majorly Na, Ca), Addisted inTable 1 At the same time, low
organics wastewater RO concentrate (organic cantesttuced through GAC adsorption) while
maintaining the same inorganic salt concentratias wsed to compare and establish the role of
organics in wastewater treatment with MD operatidspects such as permeate flux and quality
and fouling pattern, potential pre-treatment regmient for enhancing the membrane durability as
well as the adhesion of foulant onto the spacerisn@versible and reuse capacity was studied in

detail.
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3.3.1 Process performance

DCMD experiments with actual wastewater RO conegatusing both empty and Gyroid spacer-
filled channels achieved initial permeate fluxesl8f5+1.7 LMH (empty channel) and 37.0+0.4
LMH (3D Gyroid spacer-filled channel for high anald organics), closely similar to the initial
fluxes with model organic solution (as reported Section 3.2.1).However, at 85% water
recovery, permeate fluxes declined by 21-2784g.(11), which was almost 2 times higher
compared to the 12-15% permeate flux decline natdsmodel organic solutior~g. 5). Further,
the low organic wastewater RO concentrate (witht@Q.5 mg/L organics) exhibited similar
permeate flux trend as the actual wastewater R@erurate (with 20.3+0.7 mg/L organic$)ig.
11). These results suggest that, under the selegecting conditions, the inorganic ions at high
saturation (concentration) levels in wastewater ¢d@Qcentrate played a more dominant role in
influencing the mass transport mechanism in DCMia@athan the organic contents.

In terms of permeate quality, the final permeatadcetivity (18-22 uS/cm) increased slightly
compared to the initial permeate conductivity (B)4iS/cm) for the case scenario of empty
channel. The rise in permeate conductivity refle@dteat partial wetting may have occurred. On
the other hand, the operation with Gyroid spadezefichannels did not show any increment in

permeate conductivity, indicating the stabilitytoé performance up to 85% water recovery rate.
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Fig. 11 DCMD permeate fluxes as a function of water recpvwate with empty and 3D Gyroid
spacer-filled channels for wastewater RO concemtraatment (=55.0+2.0 °C, J= 22.0+2.0°C,
Vi Vp = 0.13 m/s) (Initial permeate fluxes: 19.5+1.7 LMgmpty channel) and 37.0+0.4 LMH (3D

Gyroid spacer-filled channel for high and low origah

The used membrane with the empty channel showege larud colloid-like mixture of humics
with inorganic salt crystals={g. 12g. The crystal shape and EDX element analysis ksteiol
CaCQ as the main inorganic scalant. Comparatively,uted membrane with 3D Gyroid spacer
displayed only small isolated regions containingjoidal foulant Eig. 12b). In the case of low
organic wastewater RO concentrate, the used membnath 3D Gyroid spacer showed a
different pattern with small scattered foulantd thare loosely deposited onto the membrdfig. (

129).
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Table 5 Water contact angle of the membranes (virgin, used cleaned) for empty and 3D
Gyroid spacer-filled channels DCMD operation withstewater RO concentrate (Contact angle of

new/virgin membrane =139.5+1.7°)

Membrane water contact angle (°)

DCMD operating Wastewater
Used membrane *Cleaned Membrane
condition RO concentrate
DI water Acid (0.1%)
Empty channel High organics 5.242.7 7.4+0.8 10.8+0.
3D Gyroid spacer High organics 50.5+1.3 61.2+1.2 88.4+1.4
Low organics 66.3+1.1 87.2+1.3 129.7+1.7

* Batch membrane cleaning (method as reported oti@e 2.3.1)

In terms of membrane hydrophobicity, the used mambdmwith empty channel resulted in more
than 95-97% contact angle reduction compared tovitiggn membraneKig. 12aand Table 5.

The high hydrophobicity loss could be correlatedn® partial wetting phenomena, based on the
permeate conductivity increment as reportedSection 3.3.1 Moreover, membrane cleaning
(batch membrane cleaning) with neither water nad aould restore the membrane, indicating
irreversible fouling. It is also worth mentioningat the high humic content as a single solute
(Table 4 minimally affected the membrane hydrophobicitydahe membrane condition was
easily reversed with only water cleaning. Theselltessuggest that treating and concentrating
actual wastewater RO concentrate containing higmi¢al mixed with inorganic ions is a
challenge and would detrimentally affect the loag¥t performance of MD. Comparatively, the
incorporation of 3D Gyroid spacer showed less hgdobicity loss (57-60% contact angle
reduction to the virgin membrandjig. 12bandTable 5). This highlights the importance of 3D
Gyroid spacer as a barrier that improved MD peromoe for wastewater treatment. Nevertheless,
in attaining 85% water recovery (highly concentdateiastewater), reversing the foulant
deposition and membrane hydrophobicity was stithallenge. Meanwhile, the combination of

low organic wastewater RO concentrate with thenpemtion of 3D Gyroid spacer was effective

32



617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

in enabling to achieve high water recovery whiltoeng the membrane hydrophobicity with acid
membrane cleaning. These results clearly indicakexd necessity for a simple organic pre-
treatment such as GAC filtration [4, 36] to maintaa stable MD performance in treating
wastewater containing high organics.

Overall, the aforementioned evaluation highlighted capacity of MD to treat wastewater RO
concentrate and achieve high water recovery (85%¥6ugh a combination of GAC pre-treatment
of wastewater (low organics wastewater) and the afs@D Gyroid spacer-filled channels.
Nevertheless, to establish the performance of MDWMastewater treatment, practical aspects such
as cleaning-in-place (cleaning the membrane andespahile it is in the module) as well as
evaluation of membrane and spacer reuse capacist el carried out. These aspects are

discussed in the subsequent section.

3.3.2 Membrane and spacer reuse capacity

Three repeated MD cycles with low organic wastewg® concentrate using the same membrane
and 3D Gyroid spacer were carried out to estabdh performance of MD for wastewater
treatment. At the end of each cycle, cleaning-aepl(cleaning the membrane and spacer while it
is the module) with water and chemical (0.1% ciaed with water flushing) was carried out to
determine the reuse capacity of both the membranesl as the spacer.

The results showed the capability of MD incorpadateith 3D spacers to achieve high water
recovery (85%) while maintaining stable permeatexds with low organic wastewater RO
concentrate in three repeated cycles with cleamngace Fig. 13). However, compared to the
water membrane cleaning (final average contacteand@7.2+1.7°), acid membrane cleaning was
effective in maintaining the membrane hydrophopi¢iinal average contact angle = 130.7£1.7°)

close to the virgin membrane (average contact angy89.5+1.7°) Fig 14). Likewise, the SEM
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images showed the presence of visible foulant deéposon the membrane with DI water

cleaning.

50

Cycle | Cycle Il

Cycle Il

40
oA

A \
o 4% p A 1k oa. s ta hidutdh, A4,
o A Al = Ry 7

30

Cleaning-in-place
20 e 4

Permeate flux (LMH)

107 ] ® Acid cleaning-in-place i

A Water cleaning-in-place

0

LA L LA L LA DL LA B |
0 10 20 30 40 50 60 70 80
Water recovery (%)

LA L LA L DA L LA B |
0 10 20 30 40 50 60 70 80
Water recovery (%)

0 I1I0I2I0I3I0I4I0I5I0I6lol7‘0I81()
Water recovery (%)

Fig. 13 Repeated cycles of DCMD with 3D Gyroid spaceetilichannel using low organics
wastewater RO concentrate with cleaning-in-placewBter and citric acid) at the end of each

cycle.

Meanwhile, minimal deposition was visible on thedatdleaned membrane (closely resembling the
virgin membrane). It is also worth mentioning tila@ membrane contact angle results with the
cleaning-in-place were closely similar to the bawmcembrane cleaningréble 5), indicating the

suitability of a simple cleaning-in-place appro&hmaintaining the membrane in MD operation.
Both the cleaning-in-place and batch membrane tlgaresults indicated the necessity for a
simple acid membrane cleaning for reversing foutiepiosition and maintaining the membrane

durability to achieve repeated cycles of MD opemafor wastewater treatment.
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Fig. 14 Condition of the used membranes after three rege®CMD cycles (low organic
wastewater RO concentrate treatment feed solutitm 3D Gyroid spacer-filled channels) upon
cleaning-in-place with water and acid comparechwmirgin membrane (SEM image scale bar =

200 um).

@) (b)

Fig. 15 Condition of spacer (a) upon wastewater RO camnaenoperation (b) upon cleaning in

place in DCMD (image scale bar = 0.5 cm)

Foulant deposition on the 3D Gyroid spacer wasantifkom its condition observed upon DCMD
operation Fig. 159. This is because the spacer acts as a barrierebrtthe concentrated feed
solution and the membrane, which is favorable duoing foulant deposition onto the membrane.
Nevertheless, inevitably, foulant tends to deposib the spacer. Hence, it is highly pertinent to

evaluate foulant reversibility and reuse capacityhe spacer. The results of the study showed
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minimal foulant depositionFig. 15b) on the spacer used for three repeated cycles Df M
operation. This established the effectiveness sifvgle cleaning-in-place for reversing foulants
on the spacer. The ease of reversing foulant ospgheer could be attributed to the spacer design
and material type that tend to repel foulant frasthexing strongly on it. The reverse fouling and
reuse capacity of the 3D Gyroid spacer establistseduitability to be incorporated in MD for

enhancing its performance for wastewater treatment.

4. Conclusion

This study evaluated the influence of 3D printedcgps in improving MD performance and
organic fouling development for treating wastewa@@verall, the results of the study highlighted
that:

» 3D spacers (Gyroid and tCLP) enabled to signifigaehhance the performance of MD
(up to 200% increase in permeate flux and enerfjgieicy) compared to the empty
channel and up to 30-70% improved flux performaretative to the commercial spacer.
This was attributed to the unique features of 3&ceps that enhanced turbulence and mass
transfer; The trade-off of higher channel pressiiop with 3D spacers is inevitable.

3D Gyroid spacer showed better organic fouling gation capacity (based on the
membrane hydrophobicity and lower organic mass siépn) compared to tCLP and this
was attributed to the tortuous spacer design dnatrepel foulants;

» Treating and concentrating actual wastewater RQaamnate using MD without spacer
resulted in partial wetting with significant andewversible foulant deposition onto the
membrane. This is attributed to the presence o&rocg in mixed constituents with
inorganic ions, as the membrane foulant with sisgjate organics (humics feed solution)

was highly reversible;
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692 * Repeated cycle of MD operation with a combinatidnlawv organics wastewater RO

693 concentrate with 3D Gyroid spacer and cleaninglaeg established the importance of (i)
694 a simple pretreatment to reduce organic contept3[ spacers as a foulant barrier (ii)
695 cleaning-in-place, for achieving high recovery rared stable long-term MD operation
696 with wastewater; and

697 » Cleaning-in-place established the foulant revelistband reuse capacity of 3D Gyroid
698 spacer in MD.
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S1 Energy Efficiency Calculation

The total heat exchanged by the fe€g (vithin the MD module, represented by Eq. 1, is ithput source
of energy within the system which is calculatedresdifference between the sensible heat of thaenivg

feed stream and the outgoing feed stream.

Qr = paCu(Tyi = Tro) @
wherep is the density of wateq is the volumetric feed flow rat€,, is the specific heat capacity of water,

T:iis the temperature of the incoming feed water B the temperature of the outgoing feed water.

The heat lost from the feed contributes to the raatsport through the membrane (inclusive of #ierlt
heat accompanying the vapor flu®f and the heat conducted through the membrane}henteat lost
through the membrane module via conduction logsgshe membrane module is made from acrylic (low
thermal conducitivity material), the conduction hézsses is assumed to be negligible. The lateat he

accompanying the vapor flux through the membramnebeacalculated as per Eq. 2:

Qv = JApH, (2
whered is the water vapor flux through unit area of thembeane A is the effective membrane area, and

H, is the latent heat of vaporization.

Thus, the system energy efficiengy (vas calculated as the ratio of the latent heatsfierred through the

memrbane and the heat losses at the feed sideaiadiby Eq. 3.

_ Y )

T=Q
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Table S1Average DCMD permeate fluxes obtained with varyapgrating conditions

Flux (LMH)
Flow Velocity Feed
(m/s) Temperature(°C) No spacer Commercial 3D Gyroid 3D CLP
45 7.68+0.92 12.19+1.49 17.33+1.19 21.54+1.14
0.08 55 12.67+1.87 20.78+1.24 30.62+1.36 36.06+1.09
65 24.26+1.45 31.75+0.76 47.28+1.18 54.07+0.70
45 12.4240.66 17.28+0.89 20.83+1.26 26.21+1.21
0.13 55 19.60+0.88 28.40+1.69 37.26+0.91 43.9910.70
65 35.81+1.77 44.83+1.88 58.06+1.30 67.43+1.51
45 15.42+1.08 19.01+1.63 23.82+1.06 30.17+1.45
0.18 55 28.48+1.79 32.90+1.53 42.28+1.44 49.29+1.12
65 52.04+1.01 57.04+1.00 66.32+1.32 76.37+1.39
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Highlights

3D spacers increased MD fluxes by 50-65% compared to a commercia spacer.
Organics cause marginal flux decline but impact membrane hydrophobicity in MD.
3D Gyroid spacer with tortuous zigzag design was suitable for repelling foulants.
MD with 3D Gyroid spacer achieved 85% water recovery from low organic
wastewater.

Cleaning-in-place and organic pre-treatment are vital for MD wastewater treatment.



