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Abstract

In this study, membrane distillation is evaluated as a technology for non-sewered sanitation, using
waste heat to enable separation of clean water from urine. Whilst membrane fouling was observed
for urine, wetting was not evident and product water quality met the proposed discharge standard,
despite concentration of the feed. Fouling was reversible using physical cleaning, which is similar to
previous membrane studies operating without pressure as the driving force. High COD reduction was
achieved following faecal contamination, but mass transfer was impeded and wetting occurred
which compromised permeate quality, suggesting upstream intervention is demanded to limit the

extent of faecal contamination. (100 words)
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1. Introduction

Economic losses of US$260 billion have been attributed to the impact of poor sanitation and water
in developing countries which underpins the need for considerable investment in infrastructure (1).
However, to achieve in-house piped water supply and sewerage connection with partial treatment
of sewage would require investment of USS$136.5 billion per year (2), which suggests that
intervention through conventional, capital intensive, large-scale networked water and wastewater
treatment assets, may not be economically feasible. It is also important to note that partial
treatment of sewage does not necessarily mean safe sanitation, the impacts of which include an
estimated one million preventable deaths per year, primarily from dysentery-like diarrheal diseases
(3).

In response to this significant challenge, the Water, Sanitation & Hygiene program of the Bill &
Melinda Gates Foundation initiated the Reinvent the Toilet Challenge in 2011 to promote the
development of sustainable sanitation systems which provide safe, affordable sanitation that can
operate independent of networked utilities. The Nano-Membrane Toilet (NMT) is one such solution
under development which seeks to provide safe sanitation at a single household scale (around ten
residents), without dependency on grid produced electricity, in order to increase operational
resilience in areas with intermittent supply (4). Briefly, the NMT facilitates post-flush source-
separation through a combination of gravity separation and screw extrusion to yield two phases, a
faecal solids fraction (around 0.25 L per person per day) and a faecally contaminated liquid fraction
(around 1.5 L per person per day) (5). Small-scale combustion of the faecal solids fraction at
temperatures up to 600°C has been successfully demonstrated which ensures pathogen destruction,
but also enables recovery of high grade heat which can be deployed to power the overall system
(4)(6).

The liquid fraction is considerably more concentrated than blackwater due to the absence of
flush-water (7), and so comprises mostly of urine, which is faecally contaminated. The extent of this

contamination is dependent upon the residence time and mixing profile introduced before phase



separation (8), but will inevitably increase the organic (particulate, colloidal and soluble), inorganic
and pathogenic composition. Regardless of the load applied to the downstream separation
technology, the final liquid product should satisfy the criteria in the proposed ISO standard on ‘Non-
Sewered Sanitation Systems’, to ensure safe discharge into the environment (3).

Membrane technology has been demonstrated as an effective barrier technology for off-grid
application, which can be configured to require minimal energy demand. For example, gravity driven
dead-end ultrafiltration (100 nm pore size) has been demonstrated to provide good pathogen
retention during the treatment of stored urine and for the treatment of raw water contaminated by
combined sewer overflow, but delivers only poor chemical oxygen demand (COD) and nutrient
separation which is required to meet the proposed discharge standards (9)(10). Due to the
availability of high grade heat, a vapour pressure gradient can instead be introduced to provide an
energy efficient driving force for separation. In membrane distillation (MD), a hydrophobic
membrane facilitates the diffusion of water vapour through the porous structure from the heated
feed to the condensate side (11). Consequently, the membrane can provide analogous physical size
exclusion properties to conventional membranes, including viable but non-culturable bacteria (12),
but provide additional selectivity through vapour transport. Zhao et al. (13) demonstrated such
selectivity, reporting >99% COD separation from urine using vacuum driven MD. Tun et al. (14)
instead concentrated ammonia nitrogen within source separated urine by favouring water transport
through direct contact MD. Whilst these few studies, together with the successful use of MD for
water reclamation from urine in European Space Stations (15), demonstrates conceptual viability,
there remains limited evidence in the literature regarding the impact of fouling or faecal
contamination which will inevitably present operational challenges at the decentralised scale. The
aim of this study is therefore to study membrane distillation as an enabling technology for non-
sewered sanitation, to provide high quality water separation from faecally contaminated urine using
waste heat. Specific objectives are to: (i) evaluate fouling phenomena promoted during urine

separation; (ii) profile separation efficiency during treatment of real fluids; (iii) establish productivity



recoverability following fouling; and (iv) determine the impact of faecal contamination on separation

efficiency and water productivity.

2. Material and methods

2.1 Experimental set-up

Feedwater temperature was sustained at 60 °C by placing within a heated water bath, and was
enclosed to limit sample evaporation. Feedwater was recirculated from the heated bath to the
membrane cell using a peristaltic pump (520U, Watson Marlow, Falmouth, UK) at a fixed flow rate
(400 mL min™) to sustain a crossflow velocity of 0.1 m s™ over the membrane surface (Figure 1). The
Perspex membrane cell comprised of a single hollow fibre membrane sited within a channel (w,
0.012 m; h, 0.006m). The hollow-fibore membrane was constructed of microporous
polytetrafluoroethylene (PTFE) with an inner and outer diameter of around 1.5 and 1.9 mm, and a
wall thickness of around 190 um (Figure 2) (Markel, USA). Average pore size characteristics were
estimated through microscopic investigation, which suggested typical pore length and pore width of
3um and 0.18um respectively, using the mode. The probability for membrane wetting can be

estimated using (16):

APy p = —4Bycost (1)

dmax

where B is pore geometry coefficient, dmay is pore size (m) and y is surface tension (mN m™). The
active membrane length was 0.21m (effective surface area, 10 cm?). Based on the pore size
measurements undertaken, the B co-efficient for this membrane was 16.7.

A glass viewing window was inserted into the top of the cell, to allow for real-time imaging
with a microscope (Leica DM5500B Microsystems, Milton Keynes, UK) (17). Vacuum was introduced
on the lumen-side by vacuum pump (N920 Series, KNF Neuberger Inc., NJ, US), and pressures
monitored on both feed and permeate side (PXM319-001Al and PXM319-001GI, Omega Ltd.,
Manchester, UK). Permeate was collected using a cold temperature condenser (2 °C) and the mass of

permeate measured over time using a balance (PR410 Symmetry, Cole-Parmer Ltd., London, UK).



2.2 Feed-water preparation, pre-treatment and membrane cleaning

Synthetic urine was prepared with reference to the characterisation of human urine presented by
Putnam (20), to include: inorganic salts (Sodium Chloride, Potassium Chloride, Potassium Phosphate,
Potassium Sulphate, Magnesium Sulphate, Magnesium Carbonate, Calcium Phosphate), organics
salts (Creatinine, Creatine, Glycine, Glucose, Tyrosine), ammonium salts (Ammonium Hippurate,
Ammonium Citrate, Ammonium Lactate, Ammonium Formate, Ammonium Oxalate) and Urea. Real
human urine was collected daily, and used directly without dilution or pre-treatment. Faecally
contaminated urine was prepared by mixing real urine with human faeces at a volumetric ratio of
7:1, which is representative of daily volumetric human production. The faecally contaminated urine
was subject to vortex mixing for 30 seconds to provide a solution representative of the highest
achievable faecal contamination. Prior to use, large particles were removed through coarse filtration
with cotton wool and sand, to limit pipe clogging. The reversibility of membrane fouling was first
studied with physical cleaning (deionised water rinse) followed by chemical cleaning comprising an
acid wash (Citric acid at pH 3), alkaline wash (NaOH at pH 10) and finally deionised water wash.
Ethics approval for the anonymous collection of faeces and urine was obtained through the Cranfield

University Research Ethics System (CURES: 2310/2017; 2407/2017).

2.3 Analytical methods

Ammonium (NH,"-N) and COD were measured using spectrophotometry (Spectroquant® cell tests,
Merck). Solution pH and conductivity were determined with pH probe (4330, Jenway, Stone, UK) and
conductivity meter (Mettler Toledo, Leicester, UK) respectively. The concentration of creatine,
creatinine and urea were quantified using colorimetric assays (Sigma Aldrich, Poole, UK) and the
light absorbance determined with a microplate reader (Tecan Infinite 200 PRO, Mannedorf,
Switzerland). Fouled membrane fibres were imaged using a scanning electron microscope (SEM)

(XL30, FEI, Hillsboro, Oregon, USA) equipped with a field emission gun (sFEG) (XL30, FEI, Hillsboro,



Oregon, USA). Membrane samples were coated with gold—palladium (Au—Pd) using a cool sputtering
SEM coating unit (E5100, Polaron Equipment/Quorum Technologies Ltd., Lewes, UK). Liquid surface
tension was determined with a DuNoly ring tensiometer (K6, Kruss, Bristol, UK), which was

calibrated using deionised water (72.8 mN m™).

3. Results

3.1 Comparison of water productivity and rejection properties using synthetic and real urine

Water productivity was initially evaluated using synthetic urine comprised of the critical inorganic
and organic constituents (20). A slow decline in flux was observed at the outset of the experiment (0
to 25 h), followed by the onset of a ‘steady-state’ flux; the intermediate rise in flux was due to slow
drainage at the condenser (Figure 3). Membrane rejection analysis was undertaken to discretise the
influence of urine constituents (Table 1). Whilst the additive effect of the constituents increased
initial feed concentration, the membrane achieved consistently high rejection of salts, COD and
ammonium. An analogous trend in water productivity was demonstrated with real urine, where an
initial gradual decline in productivity was followed by a period of relative ‘steady-state’. Real urine
composition was similar to the synthetic and separation of salts, COD and ammonium were >98%,
>98% and >92% respectively (Table 1). For real urine, urea, creatine and creatinine were also
quantified and a rejection >98% recorded. Whilst ostensibly similar rejection profiles and water
productivities were achieved for the synthetic and real urine, real-time images of the polarised layer
developing adjacent to the membrane surface, indicate quite different fouling behaviour (Figure 4).
Analysis of the deposit formed with real urine using SEM (Figure 5) coupled with energy dispersive
x-ray diffraction, evidenced a deposit rich in carbon, phosphorous, and calcium (C, 21.3; ; P, 9.5; ; Ca,

11.3 %).

3.2 Membrane cleaning strategies following the treatment of real urine



Following the diminution in water productivity, cleaning protocols were trialled to ascertain the
efficacy of flux restoration (Figure 6). An initial physical clean was initiated after 43 h operation,
comprising physical rinsing with deionised water. The used cleaning solution was characterised by
conductivity and COD of 2190 pS cm™ and 772 mg I respectively; this indicates reversible organic
deposition of 6.8 gCOD m™ (Table 2). Once re-started, initial water flux was fully restored and similar
to the virgin fibre, the temporal water productivity profile was characterised by a slow decrease in
flux, followed by a rapid decrease in flux commencing around 40h after filtration. Both physical and
acid/base chemical cleaning was initiated. The initial DI rinse characteristics were similar to the
initial physical clean; the concentration of the chemical rinse fractions being lower in concentration
(Table 2). Once again initial flux was restored and an analogous water productivity profile presented.
Comparison of membrane rejection characteristics throughout each operational cycle were similar

(Table 3).

3.3 Establishing the impact of faecally contaminated urine on water productivity and selectivity
A marked reduction in water productivity was noted in the early stages of permeation (0 to 5 h)
when faecally contaminated urine was introduced as the feedwater (Figure 7). As with real urine, a
steady-state flux was achieved, but this was markedly below the productivities of either clean water
or real urine. As with the literature (21), surface tension of the urine and faecally contaminated urine
were markedly below clean water (72.8 mN m™) at around 56 and 52 mN m™ respectively (Figure 8).
This is equivalent to an estimated reduction in membrane breakthrough pressure of between 23 and
28% versus the synthetic urine (Eq. 1).

During longer term operation with real urine, the temporal profile for permeate conductivity,
COD and ammonia concentration were consistent, with COD and ammonia recorded below the
proposed ISO discharge consent (Figure 9). In comparison, whilst an initial steady-state permeate
concentration was also observed for faecally contaminated urine, the quality was considerably lower

than for urine. A further reduction in permeate quality was evidenced for conductivity, COD and



ammonia after around 80h of permeation. This rapid decline in permeate quality corresponded to a
concentration factor (Cf = cf/cl-) of around 1.32, whereas a C; exceeding 1.5 was achieved with

urine before permeation was arbitrarily stopped and did not evidently influence permeate quality.

4, Discussion
In this study, a thermally driven membrane process has been demonstrated for the separation of
high quality product water from urine and the resilience to faecal contamination and membrane
surface fouling further evaluated. High rejection of inorganic and organic compounds was evidenced
when separating water from synthetic urine (Table 1) which has been previously demonstrated with
hydrophobic microporous membranes when applied to synthetic brine concentrate with initial
conductivity ranging 22.9 to 44.9 mS cm™ (22). For real urine, surface tension was reduced by
around Ay 20 mN m™ compared to synthetic urine (around 25%, Figure 8). Mills et al. (21) attributed
the low surface tension to surface active bile acids which were absent in the synthetic urine
composition (20). The reduction in surface tension is proportional to a reduction in breakthrough
pressure, indicating an increased probability for membrane wetting (Figure 8, (16)). The
hydrophobicity of the membrane implies that prior to wetting only volatiles can pass through (12).
The rejection profile during real urine treatment was ostensibly similar to synthetic urine suggesting
limited membrane wetting occurred. This was confirmed by the poor transmission of urea (<0.01%),
a non-volatile solute, through the microporous membrane used. For comparison, Cath et al. (23)
demonstrated urea (MW, 60.06 g mol™) to be poorly rejected by reverse osmosis membranes, which
provides further demonstration of the effective separation provided by thermally driven membrane
technology.

For both synthetic and real urine, an initial flux decay was observed at the outset of
permeation, followed by the onset of a period of steady-state, despite the deposition noted on the
membrane surface through direct observation (Figure 4). The attainment of steady-state flux is

similar to earlier studies that have applied MD to complex wastewaters (12)(14). Following a period



of steady-state, a considerable flux decline was noted, which did not influence permeate product
quality (Figure 6, Table 1). Gryta et al. (24) noted complete membrane coverage through organic
deposition following treatment of saline meat processing wastewater, and similarly noted no impact
on product water quality. Whilst the fouling layer is likely to confer both mass and heat transfer
hindrance, it has been proposed that the vapour pressure resistance of the fouling layer is negligible,
and it is mass transfer resistance which is responsible for the lower flux observed (25). In this study,
a predominantly crystalline deposit was ostensibly formed with synthetic urine (Figure 4). Whilst
dendritic crystals were observed within the fouling layer formed with real urine (Figure 5) which can
be ascribed to the precipitation of inorganic calcium phosphate (Scazros2 20 mg 17%5(26)), a more
complex deposit was formed, comprising a rich organic fraction exceeding 4600 mgCOD m™ (Figure
4, Table 2). For illustration, Metzger et al. (27) observed deposition of around 350 mg m™ protein
and carbohydrate on an ultrafiltration membrane within a membrane bioreactor (MBR) that was
sufficient to impede permeability. Whilst DI water seemingly recovered flux within the first cleaning
cycle, visual discolouration of the membrane following the first physical clean indicated that some
irrecoverable fouling will develop. Consequently, in the second cleaning cycle, a chemical clean was
combined with the physical clean to quantify the recovered material in the washing fractions.
Inclusion of physical/chemical intervention restored operational flux almost completely (Figure 6),
which is indicative of non-specific reversible membrane fouling, and also provides demonstration
PTFE membrane compatibility with such protocols. The reversibility may in part be accounted for by
the lack of hydraulic pressure across the membrane which minimises the associative convective
force in comparison to conventional ultrafiltration application, a concept which has been similarly
observed in osmotic MBR (28) (29).

A marked decline in initial flux was observed following introduction of faecally contaminated
urine (Figure 7). Tun et al. (14) also observed lower flux and faster flux decay with source separated
urine in comparison to urine, attributing the flux decline to the presence of suspended solids

(presumably of faecal origin). In this study, the extent of faecal contamination was comparatively



significant and representative of completely mixed non-source separated wastewater without flush
water inclusion. The impact was not only a restriction in water vapour mass transport but also the
induction of wetting, as demonstrated by the permeate quality (Figure 9). The mechanism for
wetting is ascribed to surface adsorption, which reduces membrane surface contact angle,
subsequently limiting the repulsion of water (30). Goh et al. (12) evidenced the heterogeneity of
adsorptive organic surface fouling in MD applied to wastewater. It is asserted that the early
breakthrough noted in this study, was induced by discrete areas of the membrane becoming more
severely compromised, that could have been exacerbated by the broader more elongated pores
within the pore size distribution (Figure 2). The same authors operated MD within a bioreactor for
wastewater treatment comprised of biomass and extracellular polymeric substances concentrations
of 6000 mg I'* and 150 mgEPS I"* respectively, and noted negligible breakthrough or flux decline over
25 days of operation, and concluded that it is the chemical nature of the foulant, and not necessarily
the concentration, that will determine the rate of wetting (12). This is analogous to the separation of
urine in this study in which the concentrative effect of MD did not evidently influence permeate
quality (Figure 9). Importantly, whether undertaking water separation from urine or faecally
contaminated urine, >95% COD reduction can be achieved with the use of waste heat. However,
provided faecal contamination is limited through initial physical separation (8)(14)(24), then
permeate quality should exceed the proposed discharge standard for non-sewered sanitation (3) in a

single separation step.

4, Conclusions

The impact of fouling, cleaning and feed water characteristics on the thermally driven membrane
separation of water from urine has been investigated to determine the efficacy of membrane
distillation as a platform technology for non-sewered sanitation:

e Hydrophobic microporous membranes provide significant single-stage separation that exceeds

the proposed non-sewered sanitation discharge standards for ammonia, COD and suspended



solids. It is suggested that operational resilience can be further enhanced through the use of
hydrophobic microporous membranes with narrower pore size distribution and more cylindrical
pores;

Whilst surface deposition reduced mass transfer during the treatment of urine, permeate quality
was not affected, and the accumulated foulant appeared physically reversible, indicating non-
specific binding to the membrane surface. It is proposed that further in-situ optimisation can be
achieved through enhanced hydrodynamic control to limit polarisation.

High organics separation was achieved despite heavy faecal contamination, but this introduced
wetting phenomena, which reduced permeate quality and constrained membrane flux. The
present study represents the upper limit of faecal contamination. Further investigation into the
impact of lesser faecal contamination is warranted to ascertain the extent of upstream
separation needed (e.g. source separation, post-flush source separation or pre-filtration) to
ensure the discharge standard can be consistently and reliably achieved.

Consistent permeate quality was produced during the treatment of urine despite concentration
exceeding C; 1.5, which is encouraging. However, concentration management will be required.
Synergistic relationships in the literature between bio-treatment and membrane distillation have

been demonstrated which warrant evaluation.
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Figure 2. PTFE Hollow fibre characterisation: (a) Lumen diameter/wall thickness; (b) Pore structure; (c) Pore length
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Figure 5. SEM observations of the membrane surface after 96h of operation. Feed temperature= 60°C, cross flow
velocity = 0.11 m.s™, vacuum degree= 40 mBar:
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Figure 6. Flux variation during the VMD of real urine using a virgin membrane, physically cleaned with deionised

water and chemically cleaned.
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Figure 7. Comparison of flux data for urine, faecally contaminated urine and microfiltration (MF) pre-treated faecally

contaminated urine. Feed temperature 60°C, vacuum pressure 45 mbar.
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Produced permeate quality: (a) Conductivity, inset with concentration factor; (b) COD, compared to I1SO
discharge standard (150 mg I'"); (c) Ammonia, compared to proposed 1SO discharge standard (TN 15 mg I’
Y). Initial urine concentration: 9.4 mS cm™, 6470 mgCOD I, 244 mgNH, I"". Initial faecally contaminated

urine concentration: 17.5 mS cm™, 20400 mgCOD I 900 mgNH, I



Table 1. Membrane rejection following 96 h filtration of synthetic and real urine: Feed temperature, 60 °C; V,, 0.11 m s'; Vacuum, 40mBarA, C;= feed concentration, Co=
permeate concentration.

Conductivity COD Ammonium Urea Creatine Creatinine
Feedwater (mScm™) (mg L) (mg L") (mg LY (mg LY (mg L")
C Cp % C Cr % Cs Cr % Cs Cr % Cs Cr % C Cr %

Synthetic Urine
Inorganic salts 2000 0.02 99.9 - - - - - - - - - - - - R R -

Inorganic salts

20.4 .02 . 197 7.2 - - - - - - - - - R R -
+0rganic Salts 0 0.0 99.9 970 23 J

Inorganic salts
+Organic Salts 19.0 0.08 99.6 1860 43 97.7 106 8 92.4 - - - - - - - - -
+NH, salts

Inorganic salts
+O0rganic Salts 206 0.16 99.2 5060 66 98.7 216 14 93.5 - - - - - - - - -
+NH, salts + Urea

Real Urine 184 0.26 98.6 6470 104 984 244 18 92.5 12437 12 99.9 5 0.1 978 100 0.1 99.9

Table 2. Composition of the cleaning fractions following filtration of real urine (50 mL rinse solution)

Conductivity CoD CoD

(uS cm™) (mg1™) (gm?)
Physical cleaning DI water 2190 772 6.8
Chemical cleaning DI water 2530 527 4.6
Citric acid 308 187 1.6
NaOH 22 143 1.3
DI water 16 149 1.3

Table 3. Membrane rejection at 48h filtration following various cleaning protocols

Conductivity NH,"-N CcoD
(uS cm™) (mgl?) (mgl?)
Initial 99.1 98.2 99
Physical cleaning 98.4 97 98.6

Chemical cleaning 97.6 95.3 98.4




